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Many individuals who acquire a concussion are seen for vestibular rehabilitation. The studies 
describing the prescribed exercises and the outcomes of vestibular rehabilitation are sparse. 
Additionally, the outcome measures that have been used lack normative reference values 
for healthy adolescents and have not been examined for correlation with established 
neurocognitive measures. Therefore, the purpose of this dissertation is to provide normative data 
for the measures used in vestibular rehabilitation, to describe the exercises and the outcomes of a 
vestibular physical therapy program and to examine the relationship between self-reported 
symptoms, neurocognitive and balance performance in individuals referred to vestibular physical 
therapy. 
 A cross – sectional design was used to establish normative reference values; Ninety- one 
participants completed the Activities – specific Balance Confidence scale, Dynamic Gait Index, 
Functional Gait Assessment, Timed “UP & GO”, Five Times Sit to Stand test, tests of gait speed 
and the Balance Error Scoring System. Percentile scores were computed for all measures.   
A retrospective chart review of 114 consecutive subjects referred for vestibular physical 
therapy after concussion was performed. At the time of initial evaluation and discharge, 
recordings were made of outcome measures of self-report and balance performance. A repeated-
measures mixed ANOVA tested whether there was an effect of time and age on t he outcome 
measures. Frequency counts of the most common exercise types were recorded.  A correlation 
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analysis was performed to examine the relationship between balance measures and Immediate 
Post-concussion Assessment and Cognitive Testing (ImPACT) at the initiation of vestibular 
physical therapy and to examine the relationship between change in ImPACT and change in 
balance measures. 
Normative reference values for balance were provided. An improvement was observed in 
all measures at the time of discharge from vestibular rehabilitation. Eye-Head Coordination 
exercises were the most commonly prescribed exercise type. Significant relationships between 
the ImPACT neurocognitive scores and balance measures at the start of vestibular rehabilitation 
were supported. 
In conclusion, Individuals who received vestibular physical therapy after concussion had 
favorable outcomes, but it is not possible to determine if the outcomes were solely due to the 
therapy. The interventions provided by physical therapists were consistent across patients. 
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1.0  INTRODUCTION 
Traumatic brain injury (TBI) is one of the most prevalent acquired neurological conditions 
occurring in children and young adults.1-2 Most TBI is classified as mild TBI (i.e. concussion).3-4   
The annual rate of mTBI is 130-546 per 100,000 persons.5-7 The reported numbers of 
concussion are suggested to be conservative numbers; sport-related concussions are estimated to 
be 1.6 t o 3.8 million annually.8 The deleterious effect of concussion appear in the areas of 
neurocognitive functioning,9-12 postural and balance control,13-16 and self-report symptoms.17-21 
Neurocognitive evaluation is seen as the cornerstone of concussion assessment and is the 
area where the most advances in research have been made in the management of concussion.22-24 
Computerized neurocognitive assessment (e.g.; Immediate Post-Concussion Assessment 
and Cognitive Testing, CogSport) has replaced the traditional paper and pencil assessment, and  
has provided a means to track the recovery process.12  One of the most studied computerized 
tools is the Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT).24 
ImPACT contains a symptom inventory and neurocognitive test battery that examines the 
neurocognitive aspects of verbal memory, visual memory, reaction time and processing speed.  
 Dizziness and balance difficulties have been widely reported after concussion.25-29 While 
the dizziness and balance impairments usually resolve in the first 3-5 days after concussion,14, 30-
31 some patients exhibit persistent dizziness and balance disorders that require rehabilitation.32-40 
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While the vestibular origin of dizziness and postural instability after concussion has been 
reported in many studies,34, 41-43 few studies have investigated the effect of vestibular 
rehabilitation on patients with post concussion symptoms.34, 39, 44 
Over the course of vestibular rehabilitation, various  gait and functional balance measures 
are used, and many of the clinical decisions regarding the exercise initiation / p rogression or 
discharge are based on the scores obtained through the gait and balance testing as w ell as 
symptom resolution. However, most of these measures were initially developed to be used in 
adults (mostly older adults) and yet no study has investigated the reliability and the normative 
scores of these measures in children between the age of 13 and 18. By providing age –specific 
normative scores, we will be able to use these normative scores to determine the impact of 
concussion on children’s balance performance and to provide an end point for vestibular 
rehabilitation therapy. 
The results of vestibular rehabilitation after concussion revealed that vestibular 
rehabilitation exercises may reduce dizziness and balance disorders.34, 44 However, these studies 
did not describe the severity of self-reported dizziness, and did not describe the severity of 
balance performance dysfunction in the patients seen for vestibular rehabilitation after 
concussion. Furthermore, it is unknown if the amount of recovery made during vestibular 
rehabilitation is different between children and adults.  
Although the individualized nature of vestibular rehabilitation programs for individuals 
after concussion has been emphasized by experts vestibular physical therapists,45 an 
understanding of what exercises have been prescribed for this population may be useful for 
several reasons. First, due to the customized nature of vestibular rehabilitation exercises, the 
exercise prescription can provide a detailed picture of the specific impairments and functional 
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limitations encountered by the individuals with concussion. Second, it can serve as a foundation 
for other therapists who may be starting vestibular rehabilitation programs for management of 
individuals with concussion. Third, by a nalyzing the prescription patterns of experienced 
therapists, we may begin to examine how exercise progression relates to outcomes.   
The impairments of neurocognitive and balance function after concussion are well 
documented in the literature.9, 12, 19, 24, 30-31, 46-50 However, they have been studied individually.48 
There are a limited number of studies that relate the neurocognitive testing scores to 
functional gait and balance measures post-concussion.21 Examining the relationship between 
neurocoginitive testing and functional balance measures utilized in clinical settings may help 
clinicians effectively use these easily accessed measures in clinical decision making, and may 
provide us with a better understanding of the multi faceted nature of the recovery process after 
concussion. 
In conclusion, many limitations have surrounded the implementation of vestibular 
rehabilitation in the management of patients post- concussion. By addressing these limitations, 
vestibular rehabilitation will have a greater impact in the management of patients with 
concussion.  
 
1.1 STATEMENT OF PROBLEM 
Studies of vestibular rehabilitation for dizziness and balance disorders after concussion have 
been promising. However, for individuals between 13 a nd 18 of age treated with vestibular 
rehabilitation, there is a l ack of normative reference values for the common clinical balance 
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outcome measures used to track recovery. The severity of dizziness and imbalance problems in 
this group of individuals post - concussion has not been described and the change in gait and 
balance outcomes over the course of vestibular rehabilitation has not been quantified in children 
and adult patients. Moreover, the specific exercise prescriptions during the course of vestibular 
rehabilitation have not been detailed. Neurocognitive and balance performance and recovery 
after concussion have been studied separately, and there have been no studies to examine the 
presence/absence of relationship between neurocognitive and balance recovery. There have been 
no studies to examine if the markers of concussion severity relate to vestibular rehabilitation 
outcomes. 
 
1.2 SPECIFIC AIMS 
1. A cross – sectional study was conducted to provide normative data and to examine the 
reliability for clinical gait/ balance measures for healthy high school aged children.  
2. A retrospective chart review was conducted: 1) to describe the severity of dizziness and 
balance dysfunction in patients who were referred to vestibular rehabilitation after being 
diagnosed with concussion, 2) to describe the outcomes of vestibular rehabilitation for 
dizziness and balance dysfunction after concussion, and 3) to examine whether the 
amount of recovery made over the course of vestibular rehabilitation is equal between 
children and adults. 
3.  A retrospective case series was performed to describe exercise prescription patterns in 
patients treated with vestibular rehabilitation after concussion. The analysis will describe 
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the progression of the exercises and common exercise volumes for vestibular 
rehabilitation exercises used in the management of individuals with dizziness and balance 
disorders after concussion. 
4. A retrospective case series was performed to examine the relationship between 
neurocognitive and balance performance and recovery after concussion.  
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2.0   REVIEW OF LITERATURE 
2.1 DEFINITION AND GRADING OF MILD TRAUMATIC BRAIN INJURY 
(CONCUSSION) 
Over the last three decades, many overlapping and sometimes confusing terms and constructs 
were used to describe the milder spectrum of head injuries;51 minor head injury, mild closed head 
injury, mild traumatic brain injury, and concussion were seen throughout the literature. Although 
there were slight differences between these terms, the differences are often overlooked when 
interpreting the evidence related to prevalence and recovery. 
Many professional organizations have adopted the use of one of the above mentioned 
terms; the World Health Organization (WHO) and the American Congress of Rehabilitation 
Medicine have used mild traumatic brain injury (mTBI).52-53 Concussion and sports- concussion 
were used by t he American Academy of Neurology and Concussion in Sport group, 
respectively.22, 54 The American Academy of Pediatrics has used the term minor closed head 
injury.55 
Loss of consciousness, amnesia, and confusion are considered the hallmarks of 
concussion, and were often included as defining characteristics in the various definitions of 
concussion. However, there was  high variability in numerical value assigned to some  of these 
defining characteristics; for example the duration of loss of consciousness (LOC) at time of 
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concussion  has ranged between 0-30 minutes, and the duration of post-traumatic amnesia (PTA) 
has ranged between 0-24 hours.49 The variability in the selected term of use and the duration of 
defining characteristics has led to great heterogeneity in the selected “concussion” populations 
across the studies, and sparked a great amount of confusion over the years.  
Over the last three decades many definitions have been proposed for concussion (i.e. 
mTBI). One of the earliest and most widely recognized definitions of concussion was proposed 
by the committee on h ead injury nomenclature of neurologic surgeons in 1966 i n which 
concussion was defined as “a c linical syndrome characterized by the immediate and transient 
posttraumatic impairment of neural function such as alteration of consciousness, disturbance of 
vision or equilibrium , etc., due to brain stem dysfunction”.56  In 1997, the American Academy 
of Neurology (AAN) defined concussion as “Any trauma induced alteration in mental status that 
may or may not include loss of consciousness”.54   
Recently the Centers for Disease Control (CDC) have put forth the following definition 
for concussion: “a complex pathophysiologic process affecting the brain, induced by t raumatic 
biomechanical forces secondary to direct or indirect forces to the head. It is caused by a blow or 
jolt to the head that disrupts the function of the brain. This disturbance of brain function is 
typically associated with normal structural neuroimaging findings (i.e., CT scan, MRI). It results 
in a constellation of physical, cognitive, emotional and/or sleep-related symptoms and may or 
may not involve LOC.2 The CDC has also stated the mTBI and concussion are synonymous and 
are often used interchangeably.2  
Although the various definitions of concussion were not intended to provide subtypes for 
concussion severity, many have detailed the defining characteristics in order to establish grading 
scales for concussion severity. The establishment of different grading scales, variability in the 
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numerical values assigned to the defining characteristics, and the use of these subscales as 
guidelines to the recovery process are all factors that have led to debate about the definition, 
prognosis and management of concussion over many years.57 
There have been at least 17 grading scales for concussion in the literature.57 It is essential 
to note that none of these scales was validated by pr ospective data or based on e mpiric 
evidence.58 Grading scales reflect a consensus among a group of experts and were based on 
clinical experience.57, 59-60 The grading scales also heavily based the classification of severity on 
the presence and duration of LOC and other markers of severity. The grading scales have also 
assumed universal effects of concussion for all age and gender groups. 
 Recent evidence suggests no strong correlation between LOC and neurocognitive testing 
performance and recovery.61-62 Furthermore, some studies have suggested differential rates of 
recovery for different age groups63-66 and genders.67-69 
The absence of a discernible relationship between LOC and neurocognitive recovery, and 
the presence of a differential rate of recovery for different age groups and gender invalidate the 
use of standardized concussion grading scales to make clinical decisions regarding return to play 
or work after concussion.57 The lack of a validated grading scale has led to the endorsement of an 
individualized concussion management approach. This approach was endorsed by the National 
Athletic Trainers Association in which neurocognitive performance, balance performance and 
resolution of self- report symptoms are used to track the recovery process.57, 60, 70-72 
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2.2 PREVALENCE OF MILD TRAUMATIC BRAIN INJURY 
Traumatic brain injury (TBI) is one of the most prevalent acquired neurological conditions 
occurring in children and young adults.8 Epidemiological studies revealed that between 75% - 
90% of TBI are classified as mild TBI (i.e. concussion);73-74 the annual rate of mTBI is 130-546 
per 100,000 persons5-7  
Sports-related concussions have received the most attention; approximately 300,000 
sports-related concussions occur in the United States every year.75 Three to eight percent of high 
school and college athletes sustain a concussion every year.76-78 Six percent of all sports injuries 
among the high school athletes are concussions,79  and 34 % of college athletes have had at least 
one concussion in their past.80  
The large number of reported concussions has led to concussion being recognized as one 
of the most common neurological injuries in contact sports.81 However, the rates of  reported 
concussions vary by sport and age; American football accounts for 63% of high school 
concussions.79  
Despite the growing number of reported concussions in recent years, many researchers 
believe the actual numbers of concussions in sport and non-sport environments are much higher 
than reported;7, 82-85 the estimations of concussions occurring in the U.S have ranged between 1 – 
4 million concussions every year.8, 86-87 The reported numbers of concussions are suggested to be 
conservative numbers because it is influenced by the variability of concussion definitions and 
therefore diagnosis. Additionally, athletes may not recognize that the symptoms they have is a 
result of a concussion, or may intentionally underreport the concussion symptoms due to 
personal desires, fear of financial loss or jeopardizing their future athletic career.83, 88 One study 
reported 50% of interscholastic athletes do not report their concussion to medical personnel.83 
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Despite the uncertainty surrounding the actual number of concussions occurring in the 
United States every year, concussion is now being recognized as an epidemic and major public 
health concern, especially for children and young adults.23, 54, 79, 89-90  
The estimated annual cost (direct and indirect) of concussions in the United States ranges 
between 12 -17 billion dollars.73, 91 Furthermore, concussion is found to have negative effect on 
psychological well being and health related quality of life (HRQOL),92-93 and also linked to 
higher family burden and emotional distress.94  
 
2.3 EFFECTS OF CONCUSSION ON NEUROCOGNITIVE PERORMANCE, 
BALANCE AND POSTURE, AND SELF- REPORT SYMPTOMS 
2.3.1 Neurocognitive performance 
2.3.1.1 Prevalence and effect size  
The effect of concussion on neurocognitive functioning has been documented in a large number 
of studies;49, 76-77, 80, 95-102 neurocognitive testing is often seen as the cornerstone for concussion 
assessment and the domain that provides information about impairments and the recovery 
process after concussion.20, 22-24, 103-104 However, due to a practice effects, and continuous 
development in adolescents’ cognitive abilities,  return to baseline neurocognitive performance 
may not always indicate full recovery.23 Although neurocognitive testing is viewed as t he 
cornerstone for concussion assessment, there is a consensus that other measures such as postural 
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stability and self- report symptoms should be used in conjunction with neurocognitive testing.20, 
57, 60, 70-71, 105-107 
 Despite the large body of evidence supporting the negative effect of concussion on 
neurocognitive testing, the extent to which the concussion affects cognitive abilities and the 
course of recovery has been controversial for decades.46 Many factors may contribute to the 
variability in the prevalence of neurocognitive effects of concussion and its course of recovery; 
studies had different operational definitions of concussion (if defined) and therefore the selection 
of patients was variable.46, 108 For example, selection of subjects from the emergency department 
registry may under-represent the less severe spectrum of concussion patients and therefore inflate 
the effects of concussion.108-109 Conversely, selection of participants from sports settings where 
concussions are often not formally diagnosed by physicians and are often self- reported may 
under-represent the more severe continuum of individuals with concussion.9 Additionally, there 
are many different neurocognitive domains such as attention, executive functioning, fluency, 
delayed memory, memory acquisition, and visuospatial abilities. Within each domain, there are 
many instruments used to track the recovery of neurocognitive functioning. The heterogeneity of 
instruments and neurocognitive domains they include may explain some of the variability seen in 
the reported effect size of concussion across many studies.46, 52 The differences in the 
psychometric properties (e.g. sensitivity, specificity, and test-retest reliability) of different 
measures at different points throughout the course of recovery may also influence the reported 
effect size.110-111 Other methodological differences between studies (e.g. pre-injury self-
comparison vs. matched control) may affect the reported period of recovery.9, 46, 112  
 Five meta analyses examined the effect of concussion on neuropsychologcal testing9, 19, 
46, 113-114 The overall effect size ranges from small (e.g. d = .12),114 to moderate (d= .54)46 and is 
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comparable between the sports- concussion (d=.49),9 and non-sport mTBI (d=.54).46 The overall 
effect size has been examined by the time since injury; Schretlen et al115   demonstrated a 
decrease in the effect size of mTBI on neurocognitive testing with time since concussion 
compared to matched controls; in this study, the effect sizes were calculated for four time periods 
since concussion; < 7days after mTBI, 2-29 days, 30- 89 days, and > 3 months,  and significant 
differences were found among effect sizes across these time intervals (d =.41, .29, .08, 0.04,  
respectively).115 
Some studies examined the effect size for different domains of neurocognitive 
functioning rather than overall effect size; Zakzanis examined the effect of concussion on seven 
cognitive domains and found moderate to large effect sizes ranging from (d=.44) for manual 
dexterity to (d= .72) for flexibility/ abstraction.113 In another meta analysis, most effect sizes of 9 
cognitive domains were moderate to large.46 Belanger et al reported the largest acute effects of 
concussion for the domains of delayed memory, memory acquisition, and global cognitive 
functions (d=1.00, 1.03, and 1.42, respectively).9 Despite the decrement in total effect size since 
time of injury,9, 19, 46 various cognitive domains demonstrated great heterogeneity between the 
effect size, and therefore differential rate of recovery.9, 46, 114   
In summary, concussion has negative effects on neurocognitive testing performance. The 
overall effect usually decreases with time after concussion. However, concussion may have 
greater or longer effects on certain aspects of neurocognitive functioning compared with  others.9 
2.3.1.2 Instruments for neurocognitive testing after concussion 
Many instruments have been used to assess neurocognitive performance after concussion. 
Traditionally, paper and pencil instruments were used. While paper and pencil measures 
have been somewhat effective in the diagnosis and management of concussion, paper and pencil 
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instruments were not sensitive, specific, and did not have normative data.59, 96 Moreover, paper 
and pencil testing is inconvenient and expensive to administer because it requires a trained 
professionals (e.g.  a neuropsychologist) to administer and interpret the scores.57, 59, 106, 116 Some 
of the paper and pencil tests (e.g. Symbol Digit Modalities Test (SDMT), Verbal Hopkins 
Learning Test (VHLT), and Trail Making Test (TMT) have also been criticized for a practice 
effect.96, 116-118  
Studies that examined the recovery of neurocognitive deficits using different paper and 
pencil instruments revealed resolution of measurable neurocognitive deficits by the fifth day post 
concussion.31, 76, 80, 95-97, 100, 119 However, there are other studies that demonstrated persistent 
neurocognitive deficits in divided and sustained attention,120-121 processing speed,122 and reaction 
times120 long after the first five days post concussion. 
In recent years, a shift has occurred with neurocognitive testing in which computerized 
neurocognitive testing began to replace the traditional paper and pencil testing.23, 101, 105-106, 116, 
123-124 This trend in neurocognitive testing was endorsed by the first and second international 
symposium about concussion in sport22, 103 and by the National Athletic Trainers Association.125 
Computerized neurocognitive testing does not require a trained professional to 
administer, allowing more cost- and time-effective testing for large groups of individuals.57, 110 
The computerized software allows for increased accuracy in recording reaction times 
which may lead to better validity. The randomization of test stimuli may reduce practice effects 
of multiple administrations and may improve the reliability compared with “paper and pencil” 
neurocognitive evaluations.65, 106-107, 126-127 
The implementation of computerized neurocognitive testing led to an increase in the 
number of “at risk individuals” with available baseline neurocognitive data, and opened an 
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avenue for examining the recovery process after concussion on a larger scale.60, 126 The recovery 
process after concussion has been examined by using matched controls or return to pre- injury 
baselines.128 The use of baseline testing is recommended whenever possible.22, 57, 70, 103, 128-129  
Computerized neurocognitive testing demonstrated sensitivity to the initial 
neurocognitive deficits after concussion.65, 123-124, 130-132 Computerized neurocognitive testing is 
proven to be sensitive to the persistent neurocognitive deficits beyond the one week window of 
recovery seen in most patients with concussion.66, 130 
Many computerized neurocognitive testing assessment batteries are currently used in 
concussion assessment; CogSport,133 Headminder’s Concussion Resolution Index (CRI),123 and 
the Immediate Post Concussion Assessment and Cognitive Testing (ImPACT)24 have been 
developed and used for neurocognitive testing. 
CogSport was designed to measure changes in cognitive functioning in the areas of 
psychomotor, decision making, problem solving, and memory scales.134 CogSport  was 
originally validated in Australian professional football players and healthy controls,126, 131 and 
CogSport indices have demonstrated high to very high (.69 - .90) test re-test reliability. CogSport 
indices have been externally validated (i.e. construct validity) against the paper and pencil tests 
of Trail Making and Digit Symbol Substitution Tests.116  
HeadMinder’s Concussion Resolution Index (CRI) is an internet-based test that measures 
cognitive functioning in the areas of reaction time, processing speed, and visual recognition. It 
also includes a symptom scale. The CRI has been validated against a number of paper and pencil 
measures.123-124, 135  
ImPACT is a computer administered software package that containing a neurocognitive 
testing battery and a post concussion symptom scale.24 The neurocognitive testing of ImPACT 
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measures different areas of cognitive functioning including attention, processing speed, reaction 
time, and memory. The ImPACT neurocognitive battery uses six test modules (word memory, 
design memory, X’s and O’s, symbol match, color match, and three letter memory) to generate 
four composite scores. Each testing module may contribute to more than one composite score. 
The four composite scores are verbal memory, visual memory, visual –motor processing 
speed, and reaction time.  Table 2- 1 illustrates the ImPACT neurocognitive testing battery. A 
detailed description of individual tests and composite score has been detailed elsewhere.59, 63, 136 
ImPACT is one of the most studied computerized tools in the field of computerized 
neurocognitive testing. The validity,136-137 reliability,12, 18, 138 and sensitivity59 of ImPACT have 
been examined. ImPACT is primarily used in quantifying the neurocognitive and symptom 
outcomes after concussion.139 ImPACT has also been used to examine the correlation between 
on- field markers of concussion severity and neurocognitive performance and symptoms 
following sports related concussion.62, 65, 140 Moreover, ImPACT is used to examine if the 
presence of a certain symptom (e.g. headache, fogginess) is correlated with poorer 
neurocognitive performance.140-141 The successive and serial administration of ImPACT 
(including pre injury testing) has facilitated the examination of neurocognitive recovery,12, 63, 65, 
139, symptoms reolution,18 and the presence of the cumulative effects of concussion.142-143 
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Table  2-1: The ImPACT Neuropsychological Testing Battery 
Test Name Neurocognitive domain measured 
Word Memory Verbal recognition memory (learning and retention) 
Design Memory Spatial recognition memory (learning and retention) 
X’s and O’s Visual working memory and cognitive speed 
Symbol Match Memory and visual-motor speed 
Color Match Impulse inhibition and visual-motor speed 
Three Letter Memory Verbal working memory and cognitive speed 
Symptom Scale Rating of individual self- reported symptoms 
Composite scores Contributing scores 
 
Verbal Memory Word memory (learning and delayed), symbol match memory 
score, three letter memory score 
Visual Memory Design Memory (learning and delayed), X’s and O’s percent 
correct 
Reaction time X’s and O’s (average counted correct reaction time), symbol 
match (average weighted reaction time for correct response) 
Visual Motor Processing 
Speed 
X’s and O’s (average correct distracters), symbol match 
(average correct responses, three letter (number of correct 
numbers correctly counted) 
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2.3.2 Balance and posture 
Poor balance and postural instability have been reported in many studies post concussion.14, 25-27, 
29  However, the extent of balance disorders after concussion has not been clearly defined. Both 
static and dynamic balance has been examined after concussion. Static balance requires 
individuals to maintain balance in quiet stance (i.e. feet in place). Dynamic balance requires 
individuals to maintain balance while the body is moving (e.g. gait). While many of the early 
studies have examined the effect of concussion on static balance, recent literature has 
investigated the effect of concussion on balance in dynamic and dual task environments. 
Regardless of the environment where balance was tested, it has been acknowledged that 
the variability in selected outcome measures and its psychometrics may contribute to the 
variability in the reported prevalence and course of recovery of balance disorders after 
concussion.15-16, 29  
 Impairments in static balance have been examined using the modified protocol of 
Clinical Test of Sensory Interaction and Balance (CTSIB), Balance Error Scoring System 
(BESS),144 and SOT. Studies on the immediate effect of concussion on static balance reveal that 
patients exhibit increased postural sway14 and sway velocities in both coronal and sagittal 
planes.145 Patients also exhibit poorer performance on the Balance Error Scoring System 
(BESS).14, 31 However, most studies acknowledge that impairments in static balance usually 
resolve in the first 3-5 days after concussion.30-31, 48, 146-147  
Dynamic postural instability has been correlated with dysfunction in sensory 
integration148 or lack of attentional resources required for dynamic balance performance,29 and 
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therefore dynamic postural stability is often examined when sensory conflict148-149 or a dual 
task150-153  is introduced. 
Studies of dynamic balance impairments after concussion revealed that patients exhibit 
slower gait velocity,28, 151-152 shorter stride length,150 and wider step width.29 They adopt a 
conservative gait pattern exhibited by less sway and slower sway velocity in the sagittal plane.15, 
28-29, 152 This conservative strategy is often interpreted as a compensatory mechanism for reduced 
postural control (i.e. more sway) in the coronal plane movement.152 
Reports about the recovery of dynamic balance stability after concussion yield mixed 
results; while some studies on sensory conflicts revealed that the destabilization effect of visual 
field motion on balance may take 30 days to resolve,148 other reports  demonstrated that patients 
with concussion may exhibit an inconsistent pattern of recovery, in which many aspects of gait 
stability are still impaired at four weeks after injury.151 This variability has been attributed in part 
to the variations in psychometric properties of different testing procedures and its ability to 
detect dynamic balance deficits at different times of the recovery process;15, 29 for example, it has 
been suggested that dual cognitive tasks and obstacle crossing are better in detecting gait 
adaptations at different times of the recovery process; while attention divided gait is able to 
better distinguish gait deviations immediately following a concussion, obstacle crossing can be 
used further along in the recovery process to detect new gait adaptations.15 
Other measures of gait and functional balance are used in vestibular and balance therapy 
post- concussion. These measures will be detailed below in the methods chapter. 
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2.3.3 Self- report symptoms 
The use of self- report symptoms has been widely acknowledged as a useful assessment tool for 
individuals with concussion. A self- report symptom checklist is the most common assessment 
tool employed by athletic trainers.154 Although a recent meta analysis has concluded the largest 
effect of concussion is in the domain of self- report symptoms compared to the neurocognitive 
and postural testing,19 there is a consensus that self- report symptoms should be incorporated in a 
multidisciplinary form of assessment, and the clinical decisions should not be solely based on the 
resolution of symptoms.84 Symptoms have been obtained through formal and informal 
evaluations. While the informal evaluations are sparse in the published literature,155 different 
formal symptom checklists have been published and used by a thletic trainers125, 154 and 
neuropsychologists.18, 140-141, 156 These checklists are designed to quantify the severity and 
recovery of the self- report symptoms after concussion.18  
Table  2-2: Clusters of self- report symptoms after concussion 
Physical  Cognitive Emotional  Sleep 
Headache 
Nausea 
Vomiting 
Balance problems 
Dizziness 
Visual problems 
Fatigue 
Sensitivity to light 
Sensitivity to noise 
Numbness 
Tingling 
Feeling mentally foggy 
Feeling slowed down 
Difficulty concentrating 
Difficulty remembering 
Irritability 
Sadness 
More emotional 
Nervousness 
Drowsiness 
Sleeping less than usual 
Sleeping more than usual 
Trouble falling a sleep 
 
The comparison of evidence among the different checklists is challenged by considerable 
variation in their content, grading systems,19, 157 and the lack of reliability and other known 
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psychometrics.18 The Post- Concussion Symptom Scale (PCS) is one of the most widely used 
checklists. It is a 22-item scale that was developed as a part of the Pittsburgh Steelers concussion 
management program.18 The PCS is designed to quantify the severity of symptoms in the acute 
phase of recovery after concussion, and is based on a 7 point Likert scale. For any particular 
symptom, the scale ranges from 0 (no symptom) to 6 ( severe), and the total PCS score is 
calculated by adding the scores obtained for the 22 items. The PCS has been examined for 
psychometric data, clinical interpretation and normative scores.18, 138, 141 The PCS is available in 
paper form and is incorporated in the ImPACT computerized neurocognitive testing program.24 
The PCS has been used to quantify the self- report symptoms in patients after concussion 
in large number of studies,18, 21, 50, 59, 80, 139-140, 142, 158-159 and has been adopted for use by t he 
National Football League (NFL) and the National Hockey League (NHL).18 
Other checklists include the Rivermead post concussion symptoms questionnaire 
(RPQ),160 and concussion symptoms survey (CSS).161 The Rivermead post concussion symptoms 
questionnaire is a 16 s ymptoms checklist. It uses a likert scale of five points between 0 (not 
experienced at all) and 4 (severe problem). The model has been developed, validated and 
assessed for reliability by King et al.160 Although one report has concluded the RPQ does not 
meet the modern psychometric standards and should not be used in its current form,162 the 
Rivermead post concussion questionnaire has been used for individuals with post concussion in 
many studies.163-170 
The prevalence of self- report symptoms after concussion is variable across different 
reports. Many factors may have contributed to the large degree of variability seen; there have 
been many proposed operational definitions of concussion and therefore the selection of 
participants is influenced by w hat is defined as “concussion”.108 Moreover, the recruitment 
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process may influence the sample characteristics of selected participants and inflate the 
prevalence of self- report symptoms.108 Participants in some studies were obtained from the 
registry in emergency departments.109, 170-172 The longitudinal reports of self- report symptom 
recovery tend to bias toward the more severe spectrum of patients that are presented with 
unresolved symptoms and seen for follow up.108, 171 Table 2-3 illustrates the total symptom score 
reported by many studies at the initial evaluation after concussion and at other times. 
Table  2-3: Total symptoms score reported after concussion 
Study  
 
n Scale Mean age Mean 
initial 
total 
score 
Follow 
up(days) 
Mean total 
score at 
follow up 
McCrea et al,31 94 Graded 
Symptom 
checklist 
20 y.o 20.93 90  
 
.6 
Lovell et al,65 64 Post concussion 
scale (PCS) 
High 
school 
athletes 
25 7 7 
Register- 
Mihalik,173 
392 Graded 
symptom 
checklist 
17 y.o 11.70 7 1.9 
n= Number of participants 
 
Post- traumatic headache is the most common symptom after concussion.171, 174-175 
Prevalence of initial headache after concussion has been reported to range between 43% 
to 86% of patients (Table 2-4).18, 171, 176 Persistent headache is also reported in a period up to 
three months after concussion.170, 172  
Although post traumatic headache can exist in many forms such as tension-like, cluster 
like or mixed headaches,175 individuals with migraine headache are found to have greater 
neurocognitive deficits compared to individuals with other forms of headache and individuals 
with no he adache.158 Migraine is also found to be an independent risk factor for sustaining 
concussion.177 
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The prognostic value of headache has been investigated in many studies.140, 158, 163, 173, 178-
180 Evidence from a clinical population of mTBI revealed that the presence of headache at time 
of admission to the emergency department is associated with development of post concussion 
symptoms at one and six months after injury.163, 178 Individuals with headache are found to have 
worse neurocognitive and balance testing, and found to report more symptoms than individuals 
who do not  have headache after concussion; Collins et al. revealed a c orrelation between the 
neurocognitive testing scores and the severity of headache post concussion.140 Individuals with  
Post-traumatic Migraine to have worse neurocognitive performance compared to athletes who 
did not have headache or have other types of headache after sport related concussion.158 
 
Table  2-4: Prevalence of Headache after concussion 
Study  
(sample size) 
Mean age 
(years) 
Outcome 
measure 
% report initial 
symptoms 
(mean 
severity) 
Time of follow 
up 
% reporting 
symptom at 
follow up 
(mean severity) 
Blinnman et al,171 
(116) 
14.1 PCS 71.6 (2.7) 2-3 weeks 31.8 (1.8) 
Collins et al,140 
(109) 
15.8 PCS NR† 1 week 33.0 (2.7) 
Faux et al,172 
(100) 
33.6 RPQ 100 1 month 
3 months 
30.4 (NR)† 
15.4(NR)† 
Lannsjo et al170  
(2523) 
31 RPQ 43.2 3months 22 (2.6) 
Lovell et al,18 
(52) 
16.8 PCS 88.5 Between 1 &4 
weeks 
32.7(NR)† 
Savola et al,176 
(37) 
33.7 Modified 
version of 
PRQ 
65 4 weeks 38(NR)† 
†NR: Not Reported 
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Dizziness is also a frequent symptom after concussion. Twenty three to eighty one 
percent of persons post concussion report dizziness in the first days post concussion (Table 2-
5).18, 181  Of the 61% who reported dizziness in the initial days after concussion in one study, 
41% reported mild dizziness, 16% reported moderate dizziness, and 4% reported severe 
dizziness.18 Estimates of the prevalence of persistent dizziness after mTBI varies widely from 
16-18% at three months,170, 181 1.2% at 6 months182 to 32.5% at five years.183  
The prognostic value of dizziness in mTBI was examined in many studies.163, 176, 178 In a 
clinical population 208 adults with mild and moderate brain injury, Chamelian et al reported that 
patients with dizziness were more symptomatic and demonstrated worse psychosocial 
functioning six months after injury compared to the patients who did not have dizziness.163 
Although the results of this study may be confounded by the presence of moderate TBI 
patients in the sample, the results are consistent with other studies that investigated the role of 
dizziness in the outcomes after mTBI. Two studies have reported that dizziness at the time of 
admission to the ER after mild TBI is associated with the severity of post concussion symptoms 
at one and six months after injury.176, 178 Dizziness was also linked to psychological distress at 6 
months after injury and found to be an independent factor for failure to return to work after mild 
to moderate head injury.163 
Balance problems are a f requent symptom after concussion. Self- report balance 
problems have been reported in as high as 60% after concussion.171  Persistent self report balance 
problems have also been reported after one week of concussion (Table 2-6).18, 171 Although some 
studies have suggested that self- reported balance problems usually resolve in the first days after 
concussion,31, 144, 146  patients may exhibit decreased balance performance despite not reporting 
balance problems.184  
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Table  2-5: Prevalence of Dizziness after concussion 
Study 
(sample size) 
Mean age 
(years) 
Outcome 
measure 
% report initial 
symptoms 
(mean severity) 
Time of follow 
up 
% reporting 
symptom at follow 
up (mean severity) 
Blinmann et al,171 
(116) 
14.1 PCS 60.3(2.7) 2-3 weeks 27.0 (1.6) 
Broglio et al,21 
(32) 
19.7 PCS 28.1(.75) NA‡ NA 
Lovell et al,18 
(52) 
16.8 PCS 78.8 Between 1 and 
4 weeks 
17.3(NR)† 
Lannsjo at al,170 
(2523) 
31 PRQ 31 3 months 16 (2.6) 
Savola et al,176 
(37) 
33.7 Modified  
version of 
RPQ 
49 4 weeks 43(NR)† 
†NR: Not Reported; ‡NA: Not applicable; RPQ: The Rivermead Post- Concussion symptom questionnaire 
 
Table  2-6:  Prevalence of Balance problems after concussion 
Study 
(sample size) 
Mean age 
(years) 
Outcome 
measure 
% report initial 
symptoms 
(mean severity) 
Time of follow up % reporting symptom 
at follow up (mean 
severity) 
Blinmann et al,171  
(116) 
14.1 PCS 60.3(2.6) 2-3 weeks 25.4(1.5) 
Broglio et al,21  
(32) 
19.7 PCS 34.4 (.75) NA NA 
Lovell et al,18  
(52) 
16.8 PCS 55.8 Between 1 and 4 
weeks 
11.5(NR)† 
†NR : Not reported; NA: Not applicable; PCS; Post- Concussion Symptom scale 
 
Many have suggested that the symptoms after concussion could be clustered into broad 
constructs.24, 185-186 Although the nomenclature is slightly different across reports, the dividing of 
symptoms into clusters is suggested to offer a better description about the effect of concussion 
and reduce the redundancy and confounding in the symptom checklists. In one study, Piland et 
al. have suggested that grouping of the head injury scale (HIS) of symptoms  into a model of 
three constructs (somatic, cognitive and neurocognitive) will demonstrate factorial and construct 
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validity among collegiate athletes.185 Others have suggested that the symptoms could be divided 
into somatic, cognitive, neuropsychiatric or affective constructs.24 In a recent report, the CDC 
has noted that the symptoms of concussion generally fall into four categories: physical (i.e. 
somatic), cognitive, emotional (i.e. mood), and sleep (Table 2-2).186 However, the current 
classification by the CDC reflects consensus among group of experts and is not based on 
empirical evidence and therefore the use of the clusters is mainly for descriptive purposes. 
Additionally, it is unclear if the current categorization has any clinical implications since 
the symptom evaluation tools that are currently in use do not have categories sub scores.  
2.4 MULTIFACATED RECOVERY PROCESS AFTER CONCUSSION 
2.4.1 Predictors of recovery after concussion 
2.4.1.1 Initial markers of concussion severity 
The following signs have been recognized as the hallmarks of concussion severity; loss of 
consciousness (LOC), amnesia, and disorientation. Many concussion severity scales have relied 
on these signs for the classification of severity, especially the LOC.54, 187  However, recent 
research has doubted the prognostic value of these markers, and whether they represent valid 
measures to determine the severity and therefore the course of recovery after concussion.61-62, 77, 
188 
Loss of consciousness may be associated with early neurocognitive deficit, but not 
prolonged neurocognitive deficit.77 McCrea et al. found that  despite the normal neurocognitive 
scores on the Standardized Assessment of Concussion (SAC), patients with LOC are more 
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symptomatic than patients who did not have LOC 48 hours after concussion.77 Lovell et al. have 
retrospectively examined the relationship between neurocognitive performance and the presence 
of LOC after concussion in 383 pa tients. The study demonstrated no s ignificant differences in 
the neurocognitive testing between patients who sustained LOC vs. no LOC.61 The results of this 
study are consistent with other studies that have examined the prognostic value of LOC on the 
prolonged neurocognitive performance.62, 188 However, Auspland et al. has found that athletes 
with LOC demonstrated prolonged return to play after concussion. It is unclear whether these 
findings are attributed to providers’ conservative care or prolonged actual deficit.180 In summary, 
the use of LOC as a marker of concussion severity has been scrutinized by many studies and 
many studies have doubted the validity of the scales that rely heavily on the LOC.57, 60-62, 105, 128, 
189-191 
Other on-field markers have been also investigated for prognostic value.191 Collins et al. 
reported increased risk of reduced memory scores and prolonged symptoms with the presence of 
retrograde amnesia, anterograde amnesia, and disorientation.62 The duration of on-field mental 
status changes such as retrograde amnesia and confusion were found to be related to poor 
memory scores and higher symptoms at 36 hours, 4 and 7 days after concussion.65 Others have 
found that post traumatic amnesia (PTA) is correlated with worse neurocognitive outcomes at 
day 2 a fter concussion.189 These results suggested on-field mental status appeared to have a 
prognostic value in recovery and should be considered when making clinical decisions.31, 60, 62, 65, 
70, 187, 190  
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2.4.1.2 Age 
Many have hypothesized that there are differences between children and adults that may affect 
concussion management.71, 192  Many psychosocial factors could affect a children’s recovery 
such as academic and social issues that need to be accounted for in the management process.192 
Children also change in their developmental abilities and these changes warrants frequent 
updates to baseline neurocognitive testing.4, 125, 193-194 A differential rate of recovery between 
children and adults is seen in many studies.64-66, 110, 139, 190 Many pathophysiological factors may 
contribute to differential rates of recovery of children after concussion. Children’s tolerance to 
biochemical changes associated with concussion may be different from adults, and consequently 
the sequelae from impacts of the same magnitude may be different between children and adults.4, 
195  
Differences in glutamate sensitivity and prolonged diffuse cerebral swelling in children 
post injury were some of the factors suggested to contribute to the protracted recovery pattern 
seen in children.57, 192, 195-196 These metabolic factors are thought to further expose children to 
subsequent injury that may have catastrophic consequences such as Second Impact Syndrome 
(SIS).194, 197 
  Many studies have noted that high school athletes are more susceptible to concussive 
injuries60, 63, 128, 197 and have a prolonged recovery pattern compared to older athletes in the 
domains of neurocognitive testing and symptom resolution.64-66, 139, 190 For instance, while  the  
memory function in college athletes returned to the level of matched controls by day three post 
concussion, high school athletes needed 7 days to return to normal memory function.64 A similar 
pattern of prolonged memory dysfunction in high school athletes was also noted by Sim et al.66 
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Despite the differential rate of recovery shown by studies, none of the standardized 
concussion assessment scales has provided age specific guidelines, and therefore many have 
doubted the use of standardized grading scales in children.57, 60, 63-64, 110 
There is a consensus that conservative management strategy should be used with children 
post concussion.192-193 This conservatism is endorsed by the National Athletic Trainers 
Association and the 3rd International Conference on Concussion in Sport.70, 84 
Finally, it is noteworthy that all the age- related studies have used measures of 
neurocognitive testing and self- report symptoms. None of age-related studies described the 
effects of age on recovery of impairments in balance and posture or if there is a differential rate 
of recovery between children and adults for balance disorders.  
2.4.1.3 Gender 
The studies on t he effect of gender on c oncussion incidence have yielded mixed results. 
Although some studies have found females to have a higher incidence of concussion,174, 198-200 
other studies found equivalent concussion rates in both genders.79, 201-202 
 Differences between genders in baseline neurocognitive testing were found in some 
studies.203-204 Barr et al. has found that while male athletes perform better on tests of visual 
memory, female athletes perform better on verbal memory tests.203 It has been also found that 
females may experience different effects after concussion compared to males and may 
experience a different course of recovery.67-68, 204 Females have shown greater decline in their 
memory scores,67reaction time and processing speed.68-69, 122 Females also have demonstrated 
worse overall self- report symptoms,68-69, 93, 167, 201, 205-206 and were found to report headache, 
sleep disturbances and depression more than  male counterparts.205, 207 
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Despite the studies demonstrating different recovery patterns in self- report symptoms 
and neurocognitive testing, there were no studies to examine recovery in the balance and posture 
domain of assessment based on gender 
2.4.1.4 Concussion History 
The cumulative effect of concussion history on neurocognitive performance and self- report 
symptoms have been investigated by many studies. Iverson et al. reported that individuals with 
previous concussion history are more symptomatic and have worse neurocognitive performance 
on pre- season testing.143 Others have suggested that a history of concussion increases the risk for 
sustaining subsequent concussion by up to 5.8 times.69, 208-211  
The cumulative effect of concussion also has been studied by c omparing performance 
and recovery between individuals who have a previous history of concussion and individuals 
who sustain their first concussion. The effect of three or more previous concussions on a 
subsequent concussion yield convincing results. Athletes with three or more previous 
concussions were reported to be 9.3 times more likely to experience more markers of concussion 
severity,208 7.7 times more likely to experience major decline in memory performance,143  and 
were found to  report more symptoms of subsequent concussions.212 The evidence for the effect 
of one or two previous concussions is mixed. While some studies suggested that a history of one 
or two concussions have a cumulative effect,69, 155 many studies have not found such an effect.142, 
213 
Belanger et al. have noted that the effect size of concussion on neurocognitive 
performance was different between the studies that excluded individuals with previous 
concussions (d=.11) and the studies that did not exclude individuals with previous concussion 
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 (d =.74).46, 214 Most studies analyzed the cumulative effect of concussion on t he overall 
neurocognitive functioning. However, Belanger et al. found that a history of multiple 
concussions is associated with worse performance for the measures of executive functioning and 
delayed memory.214 
2.4.2 Correlation between outcome measures among different domains during recovery 
In examining the recovery process after concussion, researchers have often viewed the recovery 
process from different points of view; Subjective vs. objective and cognitive vs. motor recovery. 
The diversity in these points of view have enhanced our understanding of the multi-
faceted nature of the recovery process after concussion, and improved the management of 
patients with concussion. Nonetheless, despite the improvements made in the validation of 
different assessment domains, no single one should be a stand alone instrument.16, 23, 60, 107, 110 
Using multiple domains of assessment that include neurocognitive testing, self- report 
symptoms  and postural testing is found to increase the sensitivity of a concussion assessment 
battery to exceed 90% compared to 79% obtained by the most sensitive instrument only 
(ImPACT).20 In another study, Van Kampen et al. reported that the use of neurocognitive testing 
(i.e. ImPACT) in addition to self- report symptoms resulted in a 19% net increase in sensitivity 
compared to self- report symptoms alone.215 
The multi-faceted nature of concussion effects and the recovery process may shed light 
on the relationships between the different domains of assessment during the recovery process. 
Surprisingly, the recovery process has been studied separately within each domain, and 
little research was directed to the interrelationships between different domains. 
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Recent research in laboratory settings suggested that the performance of cognitive and 
postural control tasks simultaneously will adversely affect the performance of both tasks.29, 150-151  
When clinical outcome measures are used to examine the relationship between different 
domains, the evidence is less clear. Few studies have concluded that cognitive and motor effects 
of concussion resolve differently after concussion.16, 216 Parker et al. have found a differential 
rate of recovery by comparing the recovery pattern in ImPACT composite scores and different 
dynamic motor tasks.216 The lack of correlation between measures of different domains has 
sparked a b ig debate. For instance, while some view the lack of perfect correlation between 
performance measures and self- report symptoms as an indication for the lack of sensitivity in 
performance measures48 or an indication for the inaccuracy of self- report symptoms,21 others 
speculate that they may represent fundamentally different neurobehavioral processes, and 
therefore they should not be expected to correlate in all cases.14, 20, 104 Lovell et al. has concluded 
that  post concussion symptoms are a result of combinations of neurocognitive  deficits and other  
factors (e.g. vestibular dysfunction), and therefore the correlation (or lack thereof) between 
symptoms and neurocognitive testing is expected to be less than perfect.104   
Despite the conceptual debate about the reasons behind the correlation (or lack thereof) 
between measurements from different domains, examining the correlation may enhance our 
understanding about the multi-faceted nature of concussion effects and recovery. Preliminary 
evidence from self- report symptoms revealed that balance problems were significantly 
correlated with feeling mentally foggy, difficulty remembering, and difficulty concentrating.21 
Recent work by B roglio et al. examined if the symptoms of feeling mentally foggy, 
difficulty concentrating, and difficulty remembering are associated with decreased cognitive 
performance (i.e. ImPACT composite scores). The results revealed a significant correlations 
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between feeling mentally foggy and reaction time, difficulty concentrating and verbal memory 
score and between difficulty remembering and change in verbal memory composite score and 
reaction time.21 In the same study Broglio et al. examined the relationship between self- report 
“dizziness” and “balance problems” and Sensory Organization Test (SOT). The results 
demonstrated a significant correlation between dizziness and change in the vestibular ratio of 
SOT.  The study also found a significant correlation between change in  the total score of SOT, 
change in the three ratios of SOT, and balance problems.21 
In summary, preliminary evidence suggests the presence of a correlation between self- 
reported symptoms related to cognition and neurocogntive testing performance. Also, a 
correlation was found between self- reported symptoms related to balance and balance 
performance. However, the evidence is less clear when the comparison is made between 
neurocognitive testing and balance performance. 
2.5 VESTIBULAR REHABILITATION FOR PATIENTS POST CONCUSSION 
2.5.1 Evidence behind vestibular rehabilitation for concussion 
The role of the vestibular system in balance and posture has been extensively studied and 
numerous studies have found that impairments in vestibular function may lead to balance 
disorders and dizziness.217-225 Although the effects are variable,226 many studies have 
demonstrated that vestibular rehabilitation can help reduce dizziness and balance disorders.226-231 
Post- traumatic dizziness (e.g. after concussion) is also suggested to be associated with 
impairments in the peripheral vestibular system.42-43, 146-147, 232-233 Balance disorders after 
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concussion have also been attributed to dysfunction in sensory integration in which the vestibular 
system is a key part of normal functioning.34, 42-43 Vestibular rehabilitation exercises may reduce 
the dizziness and balance disorders after concussion.34, 44 
Despite the high incidence of dizziness and balance dysfunction in people who have had 
a concussion, reports of vestibular and balance rehabilitation in the management of concussion 
are sparse.34, 44, 234-235 Previous studies have shown that vestibular rehabilitation reduces dizziness 
and improves overall balance for individuals with head injury.39, 44, 236-237 The studies have also 
emphasized that post traumatic dizziness can be caused by a wide array of  dysfunctions in the 
vestibular system, and therefore a customized impairment-based vestibular rehabilitation 
program is recommended to successfully reduce the complaint of  dizziness and improve balance 
after concussion.33-34, 38, 238 Gurr et al. reported that vestibular rehabilitation comprised of graded 
exposure to head and body movements, anxiety management, coping strategies and education 
reduced complaints of vertigo and dizziness, and improved the balance of individuals standing 
on an unstable surface.44 In another study, Hoffer et al. reported that in patients with mild TBI, 
vestibular rehabilitation exercises consisting of an individualized program of somatosensory 
exercises combined with aerobic activity, vestibuolo-ocular reflex, and cervico–ocular reflex 
activities reduced complaints of dizziness and accelerated return to work.239 Although the use of 
vestibular rehabilitation in the treatment of concussion-related dizziness and balance dysfunction 
is promising, these studies were limited because of small sample size. It is also unclear if the 
improvement made over the course of vestibular rehabilitation is due to the intervention or due to 
the natural course of recovery. Without control group, it is difficult to attribute the improvement 
to the provided intervention. 
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2.5.2 Outcome measures used in vestibular rehabilitation 
The vestibular physical therapist uses many outcome measures to track recovery and perceived 
improvement over the course of vestibular rehabilitation. These measures can be classified into 
self- report and performance measures.  
It has been reported that there could be a d iscrepancy between self- report and 
performance measures of neurocognitive and balance functioning after concussion.21, 184 The 
recent recommendations on concussion management have emphasized the use of both self- 
report and performance measures to track the recovery of patients post concussion. For post 
concussion patients treated with vestibular rehabilitation, it is not uncommon for the vestibular 
physical therapist to employ a wide array of self- report and performance measures to track 
recovery and make recommendations regarding discharge or return to work or practice.43 Self-
report and performance measures used in the dissertation research will be reviewed in the 
Methods. 
2.5.3 Limitations of previous work and rationale for proposed studies 
The vestibular physical therapist can play a key role in a multidisciplinary management of 
concussion by having a wide variety of assessment tools that cover multiple domains and by 
providing an intervention that appears to be effective based on the small number of published 
studies to date. However, in a multidisciplinary environment of concussion management, 
vestibular rehabilitation lags behind other interventions used in concussion management. In order 
for vestibular rehabilitation to be involved in an evidence-based medicine and cost driven health 
care system, the limitations that surround the use vestibular rehabilitation in patients with 
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concussion need to be addressed. By overcoming the limitations mentioned below, vestibular 
rehabilitation may have a greater role to play in the management of patients with concussion. 
2.5.3.1 Rationale for the first study 
Different gait and functional balance measures have been used to evaluate and re- assess the gait 
and balance dysfunction in patients with vestibular disorders including patients with post- 
concussion balance dysfunction. These measures are used as an  indicator of the degree of 
balance impairment after concussion, and the serial administration of these measures is used to 
track the recovery of gait and balance function.  
Many of the clinical decisions regarding the exercise initiation / progression or discharge 
from vestibular rehabilitation therapy are often based on the scores obtained through the gait and 
balance testing as well as symptom resolution. However, most of these measures were initially 
developed to be used in middle aged and older adults and no study has investigated the reliability 
and the normative scores of these measures in children between the age of 14 and 18. B y 
providing specific normative scores for this age group, we will be able to use these normative 
scores to determine the impact of concussion on children’s balance performance and it will allow 
us to track the recovery process in children after concussion. The purpose of this study is to 
provide normative data and to examine the reliability for clinical gait/ balance measures for 
healthy high school aged children.  
2.5.3.2 Rationale for the second study 
The evidence behind vestibular rehabilitation in concussion management is sparse and largely 
based on clinical experience and a small number of studies with small sample size and limited 
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methodological design. Dizziness and imbalance reported by pe ople who were referred for 
vestibular rehabilitation after concussion has not been described.  
 It has not been established if the effects of concussion regarding dizziness and balance 
dysfunction are the same for children and adults; children’s tolerance to biochemical changes 
associated with concussion may be different from adults, and consequently the sequelae from 
impacts of the same magnitude may be different between children and adults.4 In addition, the 
role that is played by the continuous and rapid maturation in children’s cognitive abilities and 
postural strategies in the recovery process is unknown.4, 64, 240-241 Despite all of these factors, the 
above mentioned studies have not described whether the amount of recovery made in vestibular 
rehabilitation was different between children and adults.4, 242-243 
The second study will describe the severity of dizziness and balance dysfunction in 
patients who were referred to vestibular rehabilitation after being diagnosed with concussion and 
describe the outcomes of vestibular rehabilitation on dizziness and balance dysfunction after 
concussion, and to test whether the amount of recovery is similar between children and adults. 
 
2.5.3.3 Rationale for the third study 
Although the individualized nature of the vestibular rehabilitation program for individuals after 
concussion has been emphasized,244 an understanding of which specific exercises have been 
prescribed for this population may be useful for several reasons. Assuming that the physical 
therapists adhered to the problem-oriented approach described in vestibular rehabilitation 
practice guidelines,244 the study can provide a detailed picture of the specific impairments and 
functional limitations encountered by the individuals with concussion and the path by which they 
returned to their pre-morbid status. Moreover, by understanding the prescription and progression 
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patterns provided by expert clinicians, physical therapists new to prescribing vestibular 
rehabilitation exercises for patients with concussion can use this information to better understand 
how to start and then make the exercises more challenging. Additionally, therapists can use the 
framework of exercise categories, exercise groups and exercise modifiers to better document the 
detailed prescription pattern of vestibular rehabilitation exercises.  
 In the previous proposed aim, a r eduction in dizziness and improvement in balance 
occurred after patients with concussion received a v estibular rehabilitation exercise program 
consisting of gaze stabilization, standing balance, and walking exercises. Consequently, the 
purpose of this study is to describe exercise prescription patterns in patients treated with 
vestibular rehabilitation exercises after concussion. The analysis will describe the progression of 
the exercises and common exercise volumes for vestibular rehabilitation exercises used in the 
management of individuals with dizziness and balance disorders after concussion. 
2.5.3.4 Rationale for the fourth study 
In examining the recovery process after concussion, clinicians and researchers assess a variety of 
signs, symptoms, and physiological functions (e.g. sensory, cognitive, and motor).21, 62, 80, 124, 141 
The diversity in measurements used to assess individuals with concussion has enhanced our 
understanding of the multi-faceted nature of the effects after concussion, and improved the 
sensitivity of the assessment battery available to record functioning in individuals with 
concussion.20 A few studies have concluded that cognitive and motor effects of concussion 
resolve differently after concussion.16, 216 Parker et al. have found a differential rate of recovery 
by comparing the recovery pattern in ImPACT composite scores and different dynamic motor 
tasks.216  
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The lack of correlation between recovery of measures of different domains has been a 
subject of debate. 14, 20-21, 48, 104 For instance, while some view the lack of perfect correlation 
between performance measures and self- report symptoms as an indication for the lack of 
sensitivity in performance measures48 or an indication for the inaccuracy of self- report 
symptoms,21 others speculate that they may represent fundamentally different neurobehavioral 
processes, or exhibit different recovery trajectories, and therefore they should not be expected to 
correlate in all cases.14, 20, 104 Lovell et al. has concluded that post-concussion symptoms are a 
result of combinations of neurocognitive  deficits and other  factors (e.g. vestibular dysfunction), 
and therefore, the correlation (or lack thereof) between symptoms and neurocognitive testing is 
expected to be less than perfect.104   
Despite the conceptual debate about the reasons behind the correlation (or lack thereof) 
between measurements from different domains, examining the relationship among measurements 
may enhance our understanding about the multi-faceted nature of concussion effects and 
recovery. Collins et al. revealed a correlation between the neurocognitive testing scores and the 
severity of headache post concussion.140 Preliminary evidence from a study that examined self-
report symptoms revealed that “balance problems” were significantly correlated with “feeling 
mentally foggy”, “difficulty remembering”, and “difficulty concentrating”.21 In addition, these 
symptoms were also associated with decreased cognitive performance (i.e. ImPACT composite 
scores). In the same study Broglio et al. examined the relationship between self- report 
“dizziness” and “balance problems” and the Sensory Organization Test (SOT). The study found 
a significant correlation between change in  the total score of the SOT to balance problems.21 
The purpose of this study is to examine the relationship between self-reported symptoms, 
neurocognitive performance and balance performance in individuals referred to vestibular 
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physical therapy after concussion, and to examine the relationship between recovery in gait and 
balance measures and neuropsychological recovery made over the course of vestibular physical 
therapy.  
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3.0  FIRST AIM 
3.1 INTRODUCTION 
The awareness of concussion injuries in high school aged children has increased substantially in 
the last decade.64, 140, 174, 208, 245 Many studies have noted that high school athletes are more 
susceptible to concussive injuries compared with older athletes.60, 63, 128, 197 Furthermore, high 
school athletes may have prolonged recovery compared to older athletes in the domains of 
neurocognition and symptom resolution.64-66, 139, 190 Memory function in college athletes has been 
reported to return to the level of matched controls by day three post concussion whereas high 
school athletes required seven days to return to normal memory function.64 Differences between 
children and adults in glutamate sensitivity, tolerance to biomechanical changes after injury and 
different psychosocial factors have been proposed to explain the different courses of recovery 
between children and older individuals who sustain concussion.4, 57, 71, 192, 196 The differential rate 
of recovery between children and adults led to a consensus that conservative management should 
be used with children post-concussion.70, 84, 192-193 One of the principles of conservative 
management includes not allowing return to play until the student-athlete achieves baseline (i.e. 
pre-concussion) performance on t ests of neurocognitive function. In cases where baseline 
performance measures do not exist, age-referenced normative scores for neuropsychological 
testing are used to help assist in making decisions about return to play.18, 246 Additionally, 
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maturational changes in neurcognitive performance may dictate use of the age-referenced scores 
if baseline testing has not been conducted recently.4, 125, 193-194, 247 
 Reports of dizziness and imbalance are prevalent in individuals who have had a 
concussion.18, 170-171, 181-182 Estimates of the prevalence of persistent dizziness after mild 
traumatic brain injury (mTBI) (i.e. concussion) varies between 1.2% to 32.5% depending on age 
group and time of follow-up.170, 181,18, 21, 176, 182 Persistent balance problems have also been 
reported after concussion.18, 21, 171 Vestibular rehabilitation is increasingly being used to manage 
dizziness and balance disorders resulting from vestibular system dysfunction.226-231 Previous 
studies have shown that vestibular rehabilitation may reduce dizziness and improve overall 
balance for individuals with head injury.33-34, 39, 44, 248-249 Additionally, a recent report reported 
that children with dizziness and balance disorders after concussion appear to benefit from 
vestibular rehabilitation.249  
 For individuals treated with vestibular rehabilitation after concussion, it is common for 
the physical therapist to employ a wide array of self- report and performance measures to track 
recovery and make recommendations regarding discharge or return to work or athletic 
participation.43, 144, 249-253 Many of the clinical decisions regarding the exercise initiation, 
progression or discharge from physical therapy are based on the scores obtained through gait and 
balance testing as w ell as presenting symptoms. Adolescents present a challenge for balance 
assessment because they are too old for common developmental motor scales such as the 
Bruininks - Oseretsky Test of Motor Proficiency (4.5 -14.5 years).254 Furthermore, there are no 
estimates of reliability or normative scores in other common outcome measures utilized in 
vestibular physical therapy that were developed for use in middle-aged and older adults, such as 
the Activities – specific Balance Confidence (ABC) scale,255 the Dynamic Gait Index (DGI),256 
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the Functional Gait Assessment (FGA),257 gait speed (GS), the Timed “UP &GO” (TUG),258 and 
the Five Times Sit to Stand (FTSTS) test.259 By providing specific normative scores for this age 
group, we will be able to quantify balance impairments in children after concussion and assist 
clinicians in making a better determination of when children are able to return to athletic 
participation after concussion. Therefore, the purpose of this study is to provide normative scores 
and determine the reliability of common clinical balance outcome measures in healthy children 
between the ages of 14 to 18 years. 
3.2 METHODS 
3.2.1 Design 
A cross-sectional sample of students in the 9th through the 12th grades was obtained through local 
high schools. The study protocol was approved by the Institutional Review Board (IRB) at the 
University of Pittsburgh and by the school board of the participating schools. An invitation letter 
that described the purpose and the procedure of the study was sent to the parents. A total of 950 
invitation letters were sent out. Students who were 18 years old provided informed consent and 
students who were younger than 18 years of age provided assent after their parents provided 
informed consent. 
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3.2.2 Subjects: 
Ninety-one participants voluntarily enrolled from three local high schools in Allegheny County, 
PA, USA. Two of the schools were private parochial schools in an urban location (one female 
only, and one male only) and the other school was a public co-educational school in a suburban 
school district. The participants were excluded if they had a previous history of self-reported 
concussion or if they had a history of low back or lower extremity problems within three months 
prior to the date of testing. The demographic characteristics of participants (age in years, height, 
body mass) are summarized in Table 3-1. Participants were asked to report the duration of 
participation in formal athletic practice for their high school or club teams (Table 3-2). 
Participants also reported the duration of their recreational physical activities. 
Table  3-1: Demographic Characteristics of participants 
 Male Female 
n 47 44 
Age in years, n   
14 .0 - 14.9 18 15 
15.0 - 15.9 15 12 
16 .0 - 16.9 8 11 
17 .0 - 17.9 5 6 
18.0 - 18.9 1 0 
Age in years, mean (SD)  15.5 (1.1) 15.7 (.9) 
Mass in kg, mean (SD)  66 (17) 61 (11) 
Height in cm, mean (SD) 172 (10) 166 ( 6) 
Participation in formal sports Yes: 34 
No: 13 
Yes: 31 
No: 13 
n: Number of participants 
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Table  3-2: Number of participants who participated in formal athletic activities 
 
3.2.3 Outcome measures 
The ABC is a sel f-report questionnaire which was used to assess t he participant’s level of 
confidence that they would not lose their balance while performing 16 functional activities.255 
The highest possible score of 100 suggests maximum confidence and a score of 0 
suggests no confidence.  
 The DGI is an eight item instrument that assessed the participants’  ability to walk on a 
level surface, walk with head turns, walk with pivot turns, changes of speed, over and around 
obstacles and up a nd down steps.256 The scale for each item ranges from 0-3, where 0 means 
Formal athletic activities Number of participants Percent of total participants (%) 
None 26 28.6 
Cross-country 11 12.1 
Basketball 9 9.9 
Soccer 7 7.7 
Volleyball 7 7.7 
Football 5 5.5 
Lacrosse 5 5.5 
Ice/ Field Hockey 4 4.4 
Crew 4 4.4 
Band 3 3.3 
Softball 3 3.3 
Baseball 2 2.2 
Weight lifting 2 2.2 
Gymnastics 2 2.2 
Biking 2 2.2 
Golf 1 1.1 
Bowling 1 1.1 
Wrestling 1 1.1 
Tennis  1 1.1 
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severe impairment and 3 i ndicates normal performance. The highest possible score is 24. Its 
concurrent validity has been established against the Berg Balance Scale in individuals with 
vestibular disorders.260 It has been reported that DGI scores less than 19 are correlated with 
reports of falls in community dwelling older adults and in individuals with vestibular 
disorders.253, 261-262  
 The FGA is a 10-item test based on the DGI.263 The three new items introduced in the 
FGA were gait with a narrow base of support, gait with eyes closed, and ambulating backwards. 
The maximum score is 30. Higher scores indicate better performance. The FGA 
demonstrated concurrent validity with other measures used in vestibular rehabilitation (r = .64  to 
.80).257   
 Gait speed was recorded while participants ambulated at their comfortable speed over 4 
meters using a standing start and over 6.1 m using a walking start. The participant was instructed 
to “Walk to the other end of the course at your usual speed passing the marked line, just as if you 
are walking down the street to go to the store.” The timing started when the first foot crossed the 
start line, and ended when the first foot crossed the stop line.  
 The TUG is a timed test during which the participant stands from a chair, walks three 
meters at their normal walking speed, returns to the chair and sits down.258 The participants were 
instructed as follows: “When I say start, I want you to stand and walk at your usual speed to the 
tape on the floor, and then come back and sit in the chair.” The timing began when the examiner 
said “start” and ended when the participant’s buttocks touched the chair. The TUG has been 
widely used in vestibular rehabilitation studies.264-267 It has been reported that slower TUG scores 
(>11.5 sec) are correlated with reports of falls in individuals with vestibular disorders.253, 268  
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 The FTSTS test requires participants to stand-up and sit down from a chair (43 cm high), 
five times as quickly as possible. The participants completed the task with their hands crossed on 
their chest.259  The instructions were: “I want you to stand up and sit down 5 times as quickly as 
you can when I say “GO”. Stand up fully during each time. Do not touch the back of the chair 
during each repetition. Keep your hands crossed on your chest.” The timing period began when 
the examiner said “GO” and ended when the participant’s buttocks touched the chair on the fifth 
repetition. The FTSTS test exhibited moderate correlation with gait and dynamic balance 
measures in patients with vestibular disorders.269 The discriminative and concurrent validity of 
the FTSTS test have been reported in patients with vestibular disorders.252 
 The Balance Error Scoring System (BESS)270 is a component of the Sport Concussion 
Assessment Tool 2, r ecommended by the Consensus Statement on Concussion in Sport.70 The 
BESS requires participants to maintain balance with eyes closed with their hands on their iliac 
crests under six different conditions:270 1) firm  surface, feet together, 2) firm surface, single leg 
stance, 3) firm surface, tandem stance, 4) foam surface, feet together, 5) foam surface, single leg 
stance, and 6) foam surface, tandem stance.  E ach trial was 20 seconds.270 The scores were 
calculated by counting the total number of errors. Errors could be any of the following:1) hands 
lifted off the iliac crests, 2) opening eyes, 3) a step, stumble or fall, 4) moving the hip into >30 
degrees of abduction or flexion, 5) lifting the forefoot or heel, or 6) remaining out of the test 
position  for > 5 seconds. The maximum number of errors in each trial was 10 and the maximum 
number of errors in total was 60. A systematic review has concluded that the BESS demonstrated 
moderate to good reliability and correlated well with other measures of balance using testing 
devices.271 
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3.2.4 Procedure 
After the demographic and athletic participation information was recorded, participants 
completed the ABC. Participants then went to one of the three stations where the tests were 
performed: 1) GS, TUG, and FTSTS, 2) DGI/FGA, and 3) the BESS. Participants performed the 
testing in a pseudo- random order based on test station availability. Two consecutive trials of gait 
speed, TUG, and FTSTS were performed by the same examiner. In a sample of 61 participants 
who were examined by one of the raters, the two consecutive trials were used to calculate the 
test-retest reliability for the gait speed, TUG and FTSTS. Seven raters who were licensed 
physical therapists and routinely administered the tests participated in DGI/FGA scoring, and six 
physical therapy graduate students participated in the scoring of GS, the TUG and the FTSTS. 
Reliability training was provided to all examiners before the testing started and the 
differences in timed tests between examiners was 0.1 sec. In a subset of the high school students 
(n = 23), an electronic timing device was used to record gait speed so that validity of the 
therapist administered gait speed could be determined. 
The BESS performance was videotaped for later scoring using a cam era placed three 
meters from the participants, perpendicular to the frontal plane in quiet standing. The participant 
was facing the camera while performing the six different conditions. Inter- rater reliability was 
examined using two Doctor of Physical Therapy student raters who were provided with written 
instructions and trained to score the BESS.  
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3.2.5 Statistical analysis: 
Statistical analyses were conducted to determine if there were any associations between the 
subject demographic variables and the outcome measures. An independent t-test was performed 
to examine if there was an effect of gender or athletic participation on the normally distributed 
scores. Non-parametric Mann-Whitney U test was used to examine the effect of gender or 
athletic participation on the non interval measures of ABC, DGI, FGA and the total BESS score.  
Correlation analyses were performed to examine the relationship between age, height, 
body mass and the performance of gait and balance measures. Pearson correlation coefficients 
were calculated for normally distributed variables, and the Spearman-rho correlation coefficient 
was calculated for variables not normally distributed. 
For the total score of each outcome measure, scores were calculated at the 5th, 25th, 50th, 
75th, and 95th percentiles. In addition, percentile scores were calculated for the individual items 
of the ABC, DGI and FGA. To determine reliability of GS, TUG and FTSTS, the intraclass 
correlation coefficient (ICC) was computed using the 2 way mixed model for the single measures 
(3, 1). From the ICC analysis, the 95% confidence interval, the standard error of measurement 
(SEM) and minimal detectable change (MDC) were calculated. The validity of clinician 
administered gait speed was tested against the electronic timing device by computing the ICC, 
using the two-way mixed model for single measures.  
The inter-rater reliability of the total BESS score was examined by using the two-way 
mixed ICC model (random subjects, fixed raters, absolute agreement). Percent agreement, 
expected agreement and weighted kappa were calculated for the six individual conditions.  
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3.3 RESULTS 
Of the 108 participants who consented, 17 were excluded from the study due to previous history 
of concussion or a recent lower extremity injury. Ninety one participants participated in the study 
(47 M/44 F). The majority of the participants (65%) were younger than 16 years old (Table 3-1). 
Twenty- nine percent of the participants were not involved in any formal athletic 
participation (Table 3-2). For the participants who were involved in formal athletic participation, 
cross country running was the most common sport (11 participants). Three hours per week was 
the most common duration of formal practices (9 participants) followed by two hours per week 
(8 participants). However, the median was 7 hours per week (range: 1- 27 hours). An 
independent t-test was performed to examine if the participants with no formal practice were 
significantly different in the performance on any of the administered measures. The results 
demonstrated that the group with no formal athletic performance had significantly worse scores 
on the FTSTS (M =8.1, SD =1.4 s) compared with the group with formal athletic practice (M = 
7.3, SD=1.3 s), (t89 = 2.4, p = .016). 
There were no significant differences between males and females except for the ABC 
where male participants exhibited higher scores (M = 95, SD = 5) compared to female (M =92, 
SD = 7), (U = 762, p = 0.03).  There was no significant correlation between height, weight and 
any of the administered measures. Age demonstrated a significant positive correlation with the 
TUG scores, (Spearman rho = 0. 27, p =.001).  
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3.3.1 Reference values 
The percentile reference scores for the ABC, DGI, FGA, TUG, GS (4m & 6.1 m) and FTSTS are 
detailed in Table 3-3. The distributions of timed performance tests of the TUG, GS and FTSTS 
were normal and did not exhibit ceiling or floor effect. Additionally, the percentile score for gait 
speed measured over a course of 4 m and 6.1 m revealed that walking speed was generally faster 
when tested over the course of 6.1 m (walking start).  A  ceiling effect was observed with the 
ABC, DGI, and FGA outcomes as demonstrated by the similarity of the scores from 50th to 95th 
percentile.  
Table  3-3: Percentile scores for the outcome measures (n = 91) 
 Percentile 
 5 25 50 75 95 
Activities – specific Balance 
Confidence Scale (ABC) 79 91 95 98 99 
Dynamic Gait Index (DGI) 22 23 24 24 24 
Functional Gait Assessment 
(FGA) 26 28 29 30 30 
Gait speed over 4m (m/sec) 
Standing start 0.84 1.09 1.19 1.29 1.46 
Gait speed over 6.1 m 
(m/sec) 
Walking start 
1.03 1.23 1.32 1.44 1.69 
Timed “UP &GO” (sec) 6.1 6.9 7.5 8.3 9.3 
Five Times Sit to Stand (sec) 5.4 6.7 7.5 8.4 9.8 
 
Table 3-4 demonstrates the ceiling effect in more detail by listing scores for the 
individual items of the ABC. A full confidence score of 100 was rated by 75% of the participants 
for 6 items, and by 50% for an additional 5 items. A closer inspection of the individual items of 
the ABC revealed that the question “Walk outside on icy sidewalks?” and “Step onto or off an 
escalator while you are holding onto parcels such that you cannot hold onto the railing?” were 
the two items on the ABC scale in which subjects had the least confidence in performing. The 
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DGI also demonstrated a ceiling effect in which the full score (24/24) was achieved by more than 
50 percent of the participants. To a lesser extent, the FGA also exhibited a ceiling effect in which 
the optimal score was achieved by at least 25 % of the participants.  The FGA percentile scores 
revealed that gait with eyes closed was the most difficult item. A score of 3 (full score) was 
achieved for all other items by 75 % of the participants (Table 3-5). 
Table  3-4: Percentile scores for individual items on the Activities-specific Balance Confidence (ABC) 
Scale (n =91) 
 Percentile 
 5 25 50 75 95 
Walk around the house? 90 100 100 100 100 
Walk up and down the stairs? 80 90 100 100 100 
Bend over and pick up a slipper 
from in front of a closet door? 
80 90 100 100 100 
Reach for a small can off a shelf at 
eye level? 
90 100 100 100 100 
Stand up on t ip toes and reach for 
something above your head? 
70 80 90 100 100 
Stand on a  chair and reach for 
something? 
70 80 90 100 100 
Sweep the floor? 80 100 100 100 100 
Walk outside the house to a car 
parked in the driveway? 
90 100 100 100 100 
Get into or out of a car? 80 90 100 100 100 
Walk across the parking lot to a 
mall? 
90 100 100 100 100 
Walk up or down a ramp? 80 100 100 100 100 
Walk in a crowed mall where people 
rapidly walk past you? 
70 90 100 100 100 
Are bumped into by p eople as you 
walk through the mall? 
60 80 90 100 100 
Step onto or off of an escalator 
while you are holding onto a railing? 
70 90 100 100 100 
Step onto or off an escalator while 
you are holding onto parcels such 
that you cannot hold onto the 
railing? 
50 80 90 100 100 
Walk outside on icy sidewalks? 40 70 80 90 100 
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Table  3-5: Percentile scores for individual items on the Functional Gait Assessment (FGA) 
 Percentile 
 5 25 50 75 95 
Gait Level Surface 2 3 3 3 3 
Change In Gait Speed 2 3 3 3 3 
Gait With Horizontal Head 
Turns 2 3 3 3 3 
Gait With Vertical Head Turns 3 3 3 3 3 
Gait And Pivot Turn 3 3 3 3 3 
Step Over Obstacle 2 3 3 3 3 
Gait With Narrow Base Of 
Support 2 3 3 3 3 
Gait With Eyes Closed 0 2 3 3 3 
Ambulating Backwards 2 3 3 3 3 
Stair Climbing 2 3 3 3 3 
 
The BESS test demonstrated variability in scores depending on the six conditions (Table 
3-6). The condition of single leg stance on f oam surface was the most difficult condition, 
followed by the conditions of single leg stance on a  flat surface and tandem stance on a  foam 
surface where these two items were almost equally difficult. Stance with feet together exhibited a 
ceiling effect in which the majority of participants did not commit any errors except a few 
participants who had one error while the task was performed on the foam surface. 
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Table  3-6: Percentile scores for the Balance Error Scoring system (BESS).  Lower scores indicate 
“better” performance on the BESS 
 Percentile 
 5 25 50 75 95 
Firm surface, feet together 0 0 0 0 0 
Firm surface, single leg stance 0 1 2 4 7 
Firm surface, tandem 0 0 0 1 4 
Foam surface, feet together 0 0 0 0 1 
Foam surface, single leg stance 2 5 7 10 10 
Foam surface, tandem 0 1 3 4 7 
Total BESS scores 4 10 13 18 24 
 
3.3.2 Reliability analysis 
The test retest reliability for the gait speed, TUG and FTSTS ( n = 61q) with 95% confidence 
interval, SEM and MDC are summarized in Table 3-7. Gait speed measured over the course of 
6.1 m using a walking start exhibited similar values for reliability coefficient, SEM and MDC 
compared to gait speed measured over a course of 4 m  using a standing start. The ICC for 
clinician administered gait speed vs. electronic timing was 0.98 with 95% CI (0.95 - 0.99). 
 
Table  3-7: Reliability coefficients, standard error of the measurement (SEM), and minimal 
detectable change (MDC) for the timed measures (n = 61) 
 
 
ICC (95 %CI) SEM MDC 
Gait speed (4 m) 0.81 (0.71 - 0.88) 0.07 m/sec 0.18 m/sec 
Gait speed (6.1 m) 0.79 (0.67 - 0.87) 0.07 m/sec 0.21 m/sec 
Timed “UP&GO” 0.84 (0.75 - 0.90) 0.3 sec 0.9 sec 
Five Times Sit to Stand 0.91 (0.86 - 0.95) 0.1 sec 0.4 sec 
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The percent agreement and weighted kappa statistics for the BESS are summarized in 
Table 3-8. The inter-rater reliability for the total score was 0.95. Weighted kappa statistics 
cannot be calculated for the condition with feet together on a firm surface due to the lack of 
variability between raters. For the other five conditions, the weighted kappa scores ranged 
between 0.46 and 0.79. 
 
Table  3-8: Percent agreement, expected agreement, and weighted kappa statistics for the individual 
conditions of the Balance Error Scoring System (BESS). 
BESS Condition Agreement Expected agreement kappa p-value 
Firm surface, feet together † † † † 
Firm surface, single leg stance 94% 72% 0.77 < 0.01 
Firm surface, tandem 95% 77% 0.79 < 0.01 
Foam surface, feet together 96% 93% 0.46 < 0.01 
Foam surface, single leg stance 91% 72% 0.68 < 0.01 
Foam surface, tandem 92% 70% 0.72 < 0.01 
† kappa cannot be calculated because there was no variability in the scores. 
3.4 DISCUSSION 
The results demonstrated that GS, TUG, and FTSTS are reliable and can be used for adolescents 
with gait and balance deficits after concussion. Although the ABC, DGI and FGA exhibited a 
ceiling effect in this healthy young population, the distributions of the timed tests of GS (4 m & 
6.1 m), TUG, and FTSTS did not exhibit a ceiling or floor effect, and therefore we believe they 
can be useful in tracking the recovery of gait and balance deficits in individuals between age of 
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14 and 18. In addition, the inter-rater reliability of the BESS is excellent when performance is 
video-recorded and scored at a later time. 
3.4.1 Reference values 
Review of the normative scores revealed that the ABC, DGI and FGA had a ceiling effect, which 
may limit their usefulness in this population. A potential alternative to using the full ABC is to 
use the recently evaluated ABC-6 questionnaire, an abbreviated version of the full ABC that 
includes item numbers 5, 6, 13, 14, 15, a nd 16 and is suggested to have psychometric properties 
analogous to the full ABC questionnaire.272 A closer look at the individual items of the ABC in 
the current study revealed that the items included in the ABC-6272 exhibited lower scores and had 
more variation than other items in the full version of ABC. However, a validation study is 
needed before a recommendation is made to adopt the use of an abbreviated version over the full 
version of ABC. 
 The performance measures of the DGI and FGA also exhibited a ceiling effect, 
suggesting that these tests do not assess higher level balance abilities that children in this age 
range may possess. Therefore, a return to “normal” on these tests may not indicate that they have 
fully achieved their pre-morbid balance capability. Since the FGA has less of a ceiling effect 
compared to DGI in this age group, the use of the FGA is recommended over the DGI. These 
findings emphasize the importance of using comprehensive assessment measures; this 
conservative approach is in line with the recent recommendations on concussion management 
endorsed by the National Athletic Trainers Association and the 3rd International Conference on 
Concussion in Sport.70, 84  
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To the best of our knowledge, there are no age-specific normative reference scores 
available for the DGI. One study provided normative reference values for the FGA;273 the study 
included community dwelling older adults between the ages of 40 to 89 years and the normative 
reference values for each decade. The study did not include participants younger than 40 years 
based on the assumption that FGA performance is not expected to decline with age until middle 
age or later. The mean score and range obtained for the participants between 40 and 49 years was 
29 (range 24-30) which matches the median score and range obtained in our study.273 The item 
of ambulating backward was reported to be the most difficult item in this study and in the study 
of Walker et al.273 A comparison of the performance on i ndividual items revealed that a full 
score of 3 was achieved by more than 50% of our participants for all items. However, 
participants between 40 and 49 years old exhibited average scores that were less than 3 on the 
items of gait on level surface, gait with eyes closed, and ambulating backwards.  
Examination of the normative values showed that gait speed was faster when measured 
over 6.1 m  compared with 4 m, which can probably be explained by the difference in the 
initiation of movement.  
Over the course of 4 m, the participants initiated walking at the start line. However, over 
the 6.1 m  course, walking was initiated one meter before the starting line. This difference in 
walking speed between the two methods suggests that clinicians should be consistent with their 
method of administration of gait speed and use the appropriate norms. A previous study 
established normative scores for participants that were similar to our age range.274 However, the 
previous normative reference values were provided separately for male and female participants. 
This is in contrary to our findings that there was no gender effect on gait speed in this age 
range. Nonetheless, the median gait speed of the 6.1 m reported in our study (1.32 m/ sec) is 
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consistent with the means provided for males (1.35 m/sec) and females (1.24 m/sec) between 15 
and 19 years old.274  
The positive correlation between age and the TUG scores was unexpected and may be 
related to the casual walking pattern exhibited by many of the older students, or the limited 
number of older participants. The difference in the FTSTS scores between participants who were 
involved in formal athletic practice and those who are not involved in athletic practice was also 
unexpected. The participants were instructed to perform the task as quickly as possible; 
therefore, participants with formal sports practices may have demonstrated better functional 
lower extremity strength, which is known to affect the repetitive sit to stand performance, 
compared to participants with no formal athletic involvement.275 Although exploring the 
differences in FTSTS scores between different sports would be of interest, this goal was 
unattainable with the limited number of participants in each sport category. Overall, the absence 
of a relationship between age, gender, height and body mass to most of the administered 
measures suggests the normative reference values provided in this manuscript can be used for all 
individuals in this age range. 
The distribution of total BESS scores appear to be similar to several previous studies of 
high school and college-age subjects that have examined BESS performance in the context of 
differentiating athletes with and without concussion and also for different sports.31, 144, 173, 276-278 
The median number of errors accumulated in this age group (13 errors) compares well to 
the average number of errors accumulated in high school and collegiate athletes without history 
of concussion (range 12 to 13 errors).31, 173, 270, 277-278 One benefit of the current study is that it 
also provides percentile values for each of the individual conditions. Compared with previous 
studies of high school aged subjects,277, 279 the median values of the individual conditions are 
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similar to the average values of the previous studies, except for the single leg stance on foam 
condition, which had a higher number of errors in the current study (7 vs. 4 to 5). Differences in 
reference values of the BESS across the different studies can be attributed to several factors, 
including inherent differences in balance performance across different age ranges and sport 
abilities, disparate scoring methods (i.e. direct observation vs. Videotaping), rater experience, 
and participant learning effects. Regarding balance abilities of different sports, female gymnasts 
accumulated an average of 9.1 errors, female collegiate soccer players had 12.5 errors, and 
female basketball athletes accumulated 14.1 errors.276 Clinicians who intend to use these scores 
are encouraged to consider the limitations of these reference values and are encouraged to 
consider the degree to which their patients match the participants included in this study. 
 
3.4.2 Reliability analysis: 
The reliability for the timed measures examined in this study (GS, TUG, and FTSTS) ranged 
between 0.79 and 0.91, suggesting that these measures have moderate to good reliability and can 
be used during vestibular rehabilitation for this age group. For the FTSTS, the ICC score 
reported in the present study [0.91 (95% CI 0.86 - 0.95)] falls in the wide range of reliability 
coefficients previously reported in other populations [0.64 - 0.99].259, 280-284 Test-retest reliability 
of TUG and GS were lower in this group of adolescents than what has been published for older 
adults. Reliability of the TUG generally is greater than 0.9,258, 285 although the reliability has 
been reported as low as 0.5.286 Similarly, reliability of gait speed has been reported at 0.9 and 
above.285, 287 It is unclear why adolescents have lower test-retest reliability for walking speed 
demonstrated by the GS and TUG measures.  
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The inter-rater reliability ICC for the total BESS score was 0.95. This score is higher than 
inter-rater reliability scores previously reported. McLeod reported an inter-rater ICC score of 
0.85 in a sample of female high school basketball players.277 While the inter-rater reliability 
scores for individual conditions have ranged from 0.78 to 0.96.270 However, Finnoff  et al. has 
reported an ICC score of 0.57 in a sample of 30 college athletes.288 Several reasons may have 
contributed to the differences in inter-rater reliability reported among the studies. Our sample 
size of 91 participants was much higher than the other two studies, which may suggest that the 
previous studies were underpowered; in McLeod et al,277  although the overall sample consisted 
of  62 pa rticipants, the analysis of inter- rater reliability was conducted only for a subset of this 
sample and there were no f urther demographics details provided for the reliability subset  
provided.277 The other study  by Finnoff et al included a sample size of 30 participants that were 
rated by three raters.288 The balance abilities of the subjects may also have played a role. Our 
participants were different than participants reported in other studies as in Finoff et al’s study 
where participants were described as “athletes” with no further description, while McLeod et al’s 
study consisted of female basketball players.277 However, our study included athletic and 
nonathletic male and female participants. This may have led to a larger variability in scores and 
improved the ICC value. Additionally, the raters in our study scored the BESS performance by 
viewing a videotape; this is contrary to McLeod et al. in which the BESS was scored by direct 
observation.277 Although Finnoff et al have used videotapes for scoring,288 their ICC score was 
much lower than ours; it is unclear if the self-selected pace of viewing the videotapes used in our 
study improved the reliability, whereas in the Finnoff et al’s study  the examiners were asked to 
score 30 participants consecutively in the same session and therefore, fatigue may have resulted 
in less accurate scoring.289  
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3.5 LIMITATIONS 
Due to recruitment difficulties for students in the upper grades of high school, the majority of our 
participants were 14 &  15 years old. However, age was not found to have an effect on t he 
balance tests (except TUG) and therefore, the normative scores presented in the study can be 
used for all high school age students. In addition, the participants in this study were students 
from private and suburban schools in one geographic area. They may represent certain 
socioeconomic status (SES) and may not reflect the wide spectrum of high school aged children. 
3.6 CONCLUSION 
These normative scores provide a r eference for interpreting the performance of common 
functional gait and balance measures for individuals between 14 and 18 years of age who require 
vestibular rehabilitation, such as individuals who sustain concussion. These normative scores 
may provide end points for discharge from the vestibular physical therapy. Age did not affect the 
performance of the administered measures (except TUG). Therefore, the normative scores 
presented in the study can be used for all high school age students. The inclusion of non athletic 
participants makes the normative scores presented in this manuscript applicable for both athletes 
and non athletes who might be susceptible to mild TBI. 
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4.0  SECOND AIM 
4.1 INTRODUCTION 
Concussion is one of the most prevalent acquired neurological conditions occurring in children 
and young a dults.8, 186 According to the Centers for Disease Control (CDC), concussion is 
synonymous with the term “mild TBI”.186 Using the definition proposed by t he CDC,186 
concussion is “a complex pathophysiologic process affecting the brain, induced by traumatic 
biomechanical forces secondary to direct or indirect forces to the head. It is caused by a blow or 
jolt to the head that disrupts the function of the brain. This disturbance of brain function is 
typically associated with normal structural neuroimaging findings (i.e., CT scan, MRI). It results 
in a constellation of physical, cognitive, emotional and/or sleep-related symptoms and may or 
may not involve a loss of consciousness (LOC).” Duration of symptoms is highly variable and 
may last from several minutes to days, weeks, months, or even longer in some cases. Some 
factors which may contribute to prolonged recovery include loss of consciousness, amnesia, and 
confusion;290 however, our understanding of this issue is still very limited.    
Dizziness is a frequent symptom of concussion and has been reported in range from 23% 
- 81% of cases within the first days post-injury. Estimates of the prevalence of persistent 
dizziness after mTBI varies widely from 1.2% at 6 months to 32.5% at five years183, 291-293 Poor 
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balance and postural instability have been reported in many studies post- concussion,13, 48, 294 and 
have been correlated with dysfunction in sensory integration.146, 295 
Despite the high incidence of dizziness and balance dysfunction in people who have had 
a concussion, reports of vestibular and balance rehabilitation in the management of concussion 
are sparse.34, 44, 234-235 Part of the reason for the lack of information is that in many cases, 
symptoms resolve relatively quickly before referrals to tertiary providers can be made. In one 
study, over 75% of high school football players returned to play within 3 weeks of their 
concussion.296 The use of vestibular rehabilitation in the treatment of concussion-related 
dizziness and balance dysfunction has been promising, although Shepard et al.235 commented 
that the duration of vestibular rehabilitation is longer in people with head injury compared with 
unilateral peripheral vestibular dysfunction. 
It has not been established if the effects of concussion regarding dizziness and balance 
dysfunction are the same for children and adults. It is also unclear whether the amount of 
recovery form dizziness and balance dysfunction is different between children and adults after 
concussion. 4, 242-243 Children’s tolerance to biochemical changes associated with concussion may 
be different from adults, and consequently the sequelae from impacts of the same magnitude may 
be different between children and adults.4 Furthermore, the role that it is played by the 
continuous and rapid maturation in children’s cognitive abilities and postural strategies in the 
recovery process is unknown.4, 240, 242, 297  
The purpose of this retrospective study was to describe the severity of dizziness 
symptoms and balance dysfunction reported by people who were referred for vestibular 
rehabilitation after concussion. Furthermore, this study described the outcomes of vestibular 
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rehabilitation on r educing dizziness and balance dysfunction, and described if the amount of 
recovery during vestibular rehabilitation was different between adults and children. 
4.2 METHODS 
4.2.1 Participants 
A retrospective case series was performed of 114 consecutive participants, including children, 
who were referred between 2006 a nd 2008 to a tertiary balance center for vestibular 
rehabilitation after being diagnosed with a concussion. For the purpose of this study, children 
were defined as 18 years and younger, and the adults were defined as older than 18 years. The 
median age for children (45 female, 22 male) was 16 y with a range of 8 to 18 y, and the median 
age for the adults (25 female, 22 male) was 41 y w ith a range of 19 to 73 y.  Of the 114 
participants who were examined, 84 had more than one visit and 30 had a single visit. The study 
was approved by Institutional Review Board (IRB) at the University of Pittsburgh. 
4.2.2 Intervention and outcome measures 
The vestibular rehabilitation intervention consisted of a customized program that was tailored to 
each subject’s impairments and functional limitations that related to dizziness, ocular motor 
function, and balance function. 298 The categories of exercises most frequently provided in 
treatment and in the home exercise program included gaze stabilization exercises (e.g. VOR x1 
in sitting and standing), standing balance (e.g. standing with feet apart, feet together, on foam, 
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with eyes open and closed), ambulation (e.g. walking with head turns, tandem walking, obstacle 
avoidance) and in a few cases, canalith repositioning manuevers. Exercises were prescribed to be 
done daily. 
Self-report and performance measures were administered at the initial evaluation as well 
as at weekly and monthly intervals. The time points considered for this report include the initial 
evaluation and discharge scores. If a measure was not recorded at the time of initial evaluation or 
discharge, the assessment at the time point closest to the time of initial evaluation or discharge 
was used. 
4.2.2.1 Self-report measures 
Participants were asked to rate their current dizziness severity on a v erbal scale from 0-100, 
where 0 means no dizziness and 100 means maximum dizziness. Verbal anchors relating to 
severity of dizziness (e.g. slight, mild, moderate, severe) were provided for the scale. In addition, 
participants were asked to describe their dizziness using any of the following non-exclusive 
terms: spinning, lightheadedness, off balance, nausea, sensation of motion, and other. 
The Activities-specific Balance Confidence scale (ABC) is a questionnaire used to assess 
the respondent’s level of confidence that they would not lose their balance while performing 16 
functional activities. The highest possible score of 100 suggests maximum confidence and a 
score of 0 suggests no confidence.255 
The Dizziness Handicap Inventory (DHI) is an instrument used to assess the individual’s 
handicap due to their dizziness in 25 items relating to physical, emotional, and functional 
domains. The highest overall score on the test is 100 and higher scores indicate greater handicap 
resulting from dizziness.299 
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4.2.2.2  Gait and balance Performance measures 
The Dynamic Gait Index (DGI) is an eight item instrument that assesses the ability to walk with 
head turns, changes of speed, and around obstacles. The scale for each item ranges from 0-3, 
where 0 means severe impairment and 3 means normal. The highest possible score is 24.256 
The Functional Gait Assessment (FGA) is a 10-item test based on the DGI. The 
maximum score is 30. Higher scores indicate better performance.263 
While participants were asked to walk at their comfortable speed, gait speed was timed 
over 4 meters course using stopwatch. 
The Timed “Up& Go” (TUG) is a timed test during which the participant stands from a 
chair, walks three meters at their normal walking speed, and returns to the chair.258 
The Five Times Sit To Stand (FTSTS) requires participants to stand-up and sit down 
from a standard height chair five times as quickly as possible. The participants were asked to 
complete the task with their hands crossed on their chest.259 
Dynamic Computerized Posturography: Participants performed the Sensory Organization 
Test (SOT, Neurocom, Inc.) under six different sensory conditions:1) eyes open, fixed support; 
2)eyes closed, fixed support; 3)sway-referenced vision, fixed support; 4) eyes open, sway-
referenced support; 5) eyes closed, sway-referenced support; 6) sway-referenced vision and 
support surface. Three 20 s trials were performed for each condition. The highest theoretical 
equilibrium score is 100 which indicates no sway; losses of balance were graded as zero. 
Average scores for each condition were recorded, and the composite score was calculated 
using a weighted average of the individual trials.  
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4.2.3 Statistical analysis 
The process of care including time between the concussion and initial evaluation for vestibular 
rehabilitation, number of visits, and duration of treatment is summarized by descriptive statistics. 
4.2.3.1 Process of care 
The non-parametric Mann-Whitney U test was performed to examine if there was a significant 
difference between participants who continued after initial evaluation and those who did not for 
the time between concussion onset and initial evaluation for vestibular rehabilitation therapy. 
The Mann-Whitney U test was also performed to examine if there a significant difference 
in treatment duration, and number of visits between children and adults who received vestibular 
rehabilitation therapy. 
4.2.3.2 Outcome measures 
Independent t-tests were performed to determine if there was a difference in outcome measures 
at initial evaluation between participants who were referred to vestibular rehabilitation therapy 
but did not continue after their initial evaluation, and those who continued their intervention. 
Independent t-tests also were performed to see if there was a difference in outcome 
measures between children and adults at the time of initial evaluation. For the independent t-test, 
Levine’s test of equality of variance was examined. In those outcome measures that did not have 
equal variance, the p-value from the test that did not assume equal variances was used. 
For the participants who had at least 2 visits, a mixed-factor repeated measures analysis 
of variance was performed on each outcome measure to see if there was an effect of time, age 
group, and interaction (time*age). The within-subjects factor was time with two levels (pre-
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treatment and post-treatment). The between-subjects factor was the age group with two levels 
(children 18 years and younger, and adults). For each outcome measure, only the participants 
who had data at both time points were included in the repeated measures ANOVA, and the 
sample size is reported for each. For all analyses, the level of significance was α = 0.05. 
4.3 RESULTS 
The vestibular rehabilitation was provided by 8 physical therapists; two of the therapists treated 
approximately 44% and 27% of the cases. The most frequent description of dizziness was a 
complaint of being “off balance” in 68% of the participants, followed by “ lightheadedness” 
(54%), “spinning” (46%), “nausea” (38%) and “sensation of motion” (23%). “Off balance” was 
the most frequent description in both children and adults. Five participants had BPPV. One of 
participants with BPPV did not return after his initial visit. Three participants had pure BPPV, 
and a canalith repositioning maneuver was used as the only intervention. Finally, the fifth 
participant with BPPV also had other dizziness and balance dysfunction that was treated with a 
customized program in addition to the canalith repositioning maneuver.  
4.3.1 Process of care 
Of the 114 participants, 30 received an initial evaluation without returning for a second visit. 
Reasons for not returning included: physical therapy was not indicated (n = 6), the 
participant lived far away (n = 8), and noncompliance (n = 16). The 2 groups of participants who 
came only for initial evaluation and those who returned for more visits did not differ based on 
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age (t 112 = 1.1, p =  0.31), gender (
2χ  = 2.6, p =  0.11), or duration of time between the 
concussion and referral to the vestibular rehabilitation clinic (median 61, range 6 - 2566, Mann-
Whitney U = 717, p =.07, Table 4-1).  
Eighty-four (84) participants returned for at least 1 additional visit, and the median 
number of visits was 4 (range 2-13), occurring over a median duration of 33 (range 7-181) days. 
There was no significant difference between children and adults in the number of visits 
(Mann- Whitney U = 730, p = .323) or treatment duration (Mann- Whitney U = 723, p = .363). 
4.3.2 Outcome measures at initial evaluation 
Outcome measures obtained during the initial evaluation for all 114 participants are reported in 
Table 4-1. Participants who did not continue after initial evaluation had significantly better 
scores on the dizziness severity, ABC, DHI, DGI, FGA, Gait Speed, and FTSTS (p < 0.05). The 
FTSTS was the only outcome measure that was significantly different between the children and 
the adults at the time of initial evaluation, with children having faster performance (children 9.7 
+ 3.5 s, adults 13.2 + 5.4 s, t 49.8 = - 3.3, p = .002).  
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4.3.3 Change in outcome measures 
For participants who had received vestibular rehabilitation therapy, there was a significant time 
effect for all of the self-report and performance measures (Table 4-2). 
Table 4-3 displays the outcome measures in which there was a s ignificant interaction 
between time and age. There was a significant interaction between time and age for dizziness 
severity (F 1, 62 = 8.6, p = .005). Post hoc analysis revealed that after treatment, children’s 
dizziness severity was reduced by mean of 19 points (F 1, 40 = 31.0, p <.001). However, there was 
no significant difference in dizziness severity for the adult group between pre-treatment and 
post-treatment time points (F 1, 22=.06, p = .805) (Table 4-3). There were also significant 
interactions between time and age for Conditions 1 and 2 of the SOT (F 1, 19 = 6.7, p = .018 and F 
1, 19 = 5.9, p =  .025 r espectively, Table 4-3). In both conditions, children had significant 
improvement in their scores (p < .01). However, there was no significant improvement for adults. 
Only three of the measures demonstrated a significant age effect collapsing across time. 
Children demonstrated significantly lower (better) scores in DHI (36 + 6) compared with 
adults (46 + 20) (F 1, 67 = 5.8, p = .019). Children showed significantly higher scores on the FGA 
(25 + 2) compared with adults (23 + 3) (F 1, 46 = 5.0, p = .030). Children also had lower FTSTS 
(9.5 + 2.6 s) compared with adults (13.8 + 5.8 s) (F 1, 34 = 8.7, P = .006). 
 
 
 70 
Table  4-1: Mean (SD) of demographic and outcome measures at time of initial evaluation for 
vestibular rehabilitation, according to those participants who had evaluation only, and those who returned 
for a least 1 additional visit 
Outcome measure Evaluation only 
(n=30) 
Intervention 
(n = 84) 
Statistic, p-value† 
Gender 15 F, 15 M 56 F, 28 M 2χ = 2.6, p = 0.106 
Age (y) 28 (16) 25 (15) t 112 = 1.1, p = 0.314 
Median (range) days from concussion to 
evaluation 
96 (8 – 2566) 58 (6 – 1149) U = 717, p = 0.07 
Dizziness Severity  
(63 children, 46 adults) 
11 (20) 23(21) t 52.1 = -2.8, p = .008
* 
ABC (65 children, 46 adults) 78 (25) 65(28) t 109 = 2.2, p =.028* 
DHI (66 children, 46 adults) 37 (19) 48 (22) t 110 = - 2.5, p = .014* 
DGI (60 children, 36 adults) 22 (3) 21 (3) t 94 = 2.3, p = .027* 
FGA (60 children, 36 adults) 27 (5) 24(5) t 94 =2.5, p = .013* 
Gait Speed (61 children, 38 adults) 1.21 (.23) 1.07 (.26) t 97 = 2.2, p = .033* 
TUG (s) (51 children, 32 adults) 7.9 (1.5) 9.0 (2.3) t 81 = -1.8, p = .070 
FTSTS (s) (50 children, 33 adults) 7.9 (2) 11.7 (5) t 47.4 = - 4.8, p < .001* 
SOT(Composite) (38 children, 21 adults) 70 (12) 55 (20) t 57 = 1.7, p = .083 
SOT Condition1 (38 children, 20 adults) 83 (16) 88 (11) t 5.5 = -1.1, p = .482 
SOT Condition 2 (38 children, 20 adults) 85 (12) 80 (15) t 56 =.71, p = .478 
SOT Condition 3 (38 children, 20 adults) 86 (9) 75 (22) t 56 = 1.2, p = .251 
SOT Condition 4 (38 children, 20 adults) 74 (9) 53 (26) t 18 = 4.1, p < .001* 
SOT Condition 5 (38 children, 20 adults) 52 (15) 37 (25) t 8.7 = 2.2, p = .057 
SOT Condition 6 (38 children, 20 adults) 59 (18) 41 (24) t 56 = 1.8, p = .074 
SD, standard deviation, M, male; F, female; ABC = Activities-specific Balance Confidence scale, DHI = Dizziness 
Handicap Inventory, DGI = Dynamic Gait Index, FGA = Functional Gait Assessment, TUG = Timed “Up & Go”, 
FTSTS = Five Times Sit To Stand, SOT = Sensory Organization Test, † t is the Independent sample t-test, U is the 
Mann-Whitney U test, * p <.05 
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Table  4-2: Mean (SD) of outcome measures at times of initial evaluation and discharge 
ABC,  Activities-specific Balance Confidence scale; DHI , Dizziness Handicap Inventory; DGI , Dynamic Gait 
Index; FGA, Functional Gait Assessment; TUG, Timed “Up& Go”; FTSTS, Five Times Sit To Stand; SOT = 
Sensory Organization Test 
 
 
 
 
 
 
 
 
 
 
 
Outcome Measure Pre-treatment Post-treatment F-test &  p-value 
Dizziness Severity  
  ( 41 children, 23 adults) 
21(22) 12 (18) F1,62 = 11.4, p < .001
* 
ABC                       
   ( 41 children, 27 adults) 
64 (27) 84 (17) F 1,66 = 31.5, p < .001* 
DHI                          
 ( 42 children, 27 adults) 
49 (21) 30 (22) F 1,67  = 45.5, p < .001* 
DGI                          
 ( 30 children, 18 adults) 
20 (3) 23 ( 1) F 1,46 = 42.6, p < .001* 
FGA                        
  ( 30 children, 18 adults) 
22 (5) 28 (3) F 1,46 = 62.9, p < .001* 
Gait Speed 
( 29 children, 17 adults) 
1.02 (.28) 1.28 (.23) F 1,44 = 38.3, p < .001* 
TUG                      
   ( 22 children, 16 adults) 
9.7 (2.5) 7.8 (1.8) F 1,36 = 27.8, p < .001* 
FTSTS                    
 ( 20 children, 16 adults) 
13.1 (6) 9.7 (5) F 1,34 = 15.9, p < .001* 
SOT(Composite)      
 ( 13 children, 9 adults) 
48 (19) 71 (13) F 1,20 = 36.8, p < .001* 
SOT Condition 1      
( 13 children, 8 adults) 
83 (13) 92 (4) F  1,19 =7.2, p = .015* 
SOT Condition 2     
 ( 13 children, 8 adults) 
76 (18) 86 (9) F 1,19 =5.3, p = .033* 
SOT Condition 3     
 ( 13 children, 8 adults) 
71 (21) 87 (9) F 1,19 =7.8, p = .012* 
SOT Condition 4     
 ( 13 children, 8 adults) 
46 (28) 80 (9) F 1,19 =27.2, p < .001* 
SOT Condition 5      
( 13 children, 8 adults) 
29 (24) 51 (15) F 1,19=21.6, p < .001* 
SOT Condition 6       
( 13 children, 8 adults) 
29 (21) 60 (15) F 1,19 =32.0, p < .001* 
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Table  4-3: Mean (SD) for the significant interaction effect between age group and time on dizziness 
severity and Sensory Organization Test (SOT) scores 
 
4.4 DISCUSSION 
The primary finding of this study is that people who had persistent dizziness and balance 
dysfunction after having a concussion appear to have improved after vestibular rehabilitation. 
Although many post-concussive symptoms, including dizziness and imbalance, may 
resolve within the first few weeks after the concussion,65, 296  it is less likely that the participants 
in our sample fell in this category. Only 8/114 (7%) of the participants in our sample had an 
initial evaluation within 3 weeks of the concussion, and the median number of 61 days (range 6-
2566) between the most recent concussion and their referral to vestibular rehabilitation suggests 
that the symptoms did not resolve spontaneously, and consequently required intervention. Five 
participants in our sample had BPPV. Although BPPV has been shown to be common after 
concussion, it did not appear that way in our sample, perhaps because the extended length of 
time between the concussion and initial evaluation for vestibular rehabilitation. 
Outcome Measure Children Adults 
 Pre-treatment Post-treatment Pre-treatment Post-treatment 
Dizziness Severity 
(41 children, 23 adults) 
26 (22) 7 (11) 21 (20) 20 (25) 
SOT Condition 1 
(13 children, 8 adults) 
79 (14) 92 (3) 91 (3) 91 (6) 
SOT Condition 2 
(13 children, 8 adults) 
72 (21) 89 (5) 83 (11) 83 (13) 
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The intervention spanned a median of 4 vi sits and 33 da ys. The number of visits is 
comparable with other open-ended trials of vestibular rehabilitation for both peripheral and 
central causes of dizziness reported from the same clinic.300-301 However, the duration of care in 
this report was less than in other studies. It is not clear if the shorter duration of care represented 
truly faster recovery rates, or rather a change in frequency of treatment visits that enabled the 
therapists to progress the exercise program more quickly. However, this improvement in 
outcomes in the same number of visits over a shorter time period may indicate that patients 
referred to vestibular rehabilitation post-concussion may benefit from a higher frequency of 
visits at the beginning of care. 
The patient recovery occurred across multiple domains, i.e. self- reports of dizziness 
severity, dizziness handicap (DHI), and balance confidence (ABC), as well as functional balance 
performance. The magnitude of improvement compares well with other types of vestibular 
disorders.269, 300-302 Furthermore, the average magnitude of change was greater than the Minimal 
Clinically Important Difference (MCID) established for the DHI (18 pts),299 gait speed303 (0.1 
m/s) and SOT composite score (10 pts).304 Although statistically-derived MCIDs have not been 
established for the other outcome measures, in our clinical experience, mean improvements of 20 
for the ABC, 3 for the DGI, 6 for the FGA, suggest clinically significant changes. Without a 
control group, it is not possible to know the relative contributions of the vestibular rehabilitation 
program, concurrent medical management, and natural recovery toward the improved outcome 
measures. Furthermore, we were not able to determine how impaired the participants were 
immediately post-concussion, and therefore are unable to know how much improvement in 
outcomes may have already occurred prior to treatment. However, the finding is consistent with 
 74 
previous studies that have shown that vestibular rehabilitation may reduce dizziness and improve 
overall balance for individuals with concussion.34, 44, 234-235   
The scores of dizziness severity and DHI at initial evaluation were similar to several 
other reports of persons with vestibular disorders, including central and peripheral 
dysfunction.300-301 However, our participant sample had qualitatively better scores in several of 
the functional gait and balance measures, including the DGI, TUG, and FTSTS, as well as the 
self reported ABC. It is possible that the better gait and balance scores in the current study reflect 
the younger age distribution of this group. An age difference was found for several of the gait 
and balance measures, including FTSTS and FGA, so this explanation is plausible, but not 
definitive since normative data for these measures are lacking in children. In contrast, across all 
conditions, the SOT scores obtained from children during the initial evaluation (data not shown) 
were worse than scores obtained from adults with vestibular disorders,228, 264, 305 and healthy 
children,297, 306 providing additional evidence of dysfunctional sensory integration with 
concussion in children.295, 307  
In order to assess if age affected the amount of improvement, the interaction between 
time and age was examined. Only 3 of  the measures demonstrated significant interactions: 
dizziness rating and SOT Conditions 1 a nd 2. The significant interaction for the dizziness 
severity revealed that children had a g reater improvement in symptom severity despite having 
slightly worse ratings at the initial evaluation. Closer inspection of the dizziness severity data for 
the adult group showed that despite the improvement of dizziness in many participants, the large 
variability in the scores, especially post-treatment scores may attribute to the overall lack of time 
effect on dizziness for the adults. The significant interaction effect in SOT Conditions 1 and 2 
indicates greater improvement in scores in children compared with adults. The adults  ha d a 
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narrow range of scores that were within normal limits for SOT Condition 1 whereas the 
distribution of the scores for SOT Condition 1 were more dispersed in children, which allowed 
for greater recovery. In SOT Condition 2, c hildren again had greater room for improvement 
because of lower initial scores, but it is also surprising that the adults’ scores did not increase to 
normal values. Overall, the results of posturography analyses should be interpreted cautiously, as 
they were limited by the low number of participants (13 children / 8 adults). However, the lack 
of interaction between time and age in other outcome measures of DGI, FGA, gait speed, 
FTSTS, and SOT suggests that these gait and balance measures could be used to track the 
recovery after vestibular rehabilitation for both adult and children populations. It would be of a 
great interest if future studies investigate the responsiveness of gait and balance measures in 
patients with mTBI. 
Another aim of the study was to examine if age impacted the overall level of symptoms 
and the amount of recovery. There were age-related differences in DHI, FGA, and FTSTS 
scores. The significantly lower scores on the DHI in children compared with adults may support 
the notion that the perception of dizziness handicap is different between children and adults.243, 
293 However, at the time of initial evaluation, the dizziness severity was not different between the 
2 groups. This apparent contradiction may be explained by items in the DHI that are not 
applicable to children (e.g. Does your problem interfere with your job or household 
responsibilities) and by lack of items that relate dizziness to the functional difficulties that the 
children are experiencing.293  Although the DHI has not been validated for use with children, we 
used it because there were no other alternatives that assess the impact of dizziness on the 
functional activities of children, and we felt that most of the items would respond to changes that 
occurred during vestibular rehabilitation. The lower FTSTS scores in children (by 4 s) are 
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probably not related to any concussion-related factors, but rather explained by greater physical 
fitness and agility. In addition, significantly higher FGA scores in children (by 2 points) may 
reflect abilities that are not related to the concussion severity. Furthermore, a difference of two 
points between groups may not be clinically meaningful.  
4.5 LIMITATIONS AND FUTURE DIRECTIONS 
Although we believe that this study added to our understanding of the effects of vestibular 
rehabilitation after concussion, the results of this study were limited by the retrospective nature 
of the data and the lack of control group. Owing to the retrospective nature of the study, many 
limitations were identified; first, we were not able to reliably report the immediate markers of 
concussion severity such as loss of consciousness (LOC), amnesia and confusion, and we were 
not able to investigate if the presence of these markers could predict poorer outcomes. Second, 
although acknowledged by athletic trainers as an essential tool in concussion assessment,125, 308-
311 symptom checklist was not implemented as a p art of vestibular assessment. Therefore, we 
were not able to examine the symptoms severity and symptoms recovery in our sample. Third, 
since there were no complete vestibular battery test, we were not able to place our participants in 
one of the dizziness groups previously described by Hoffer et al.34 Fourth, the study was also 
limited by some missing data and a low number of participants who completed pre- and post- 
testing, especially the SOT.  
We strongly recommend the use of the symptom checklist as a part of vestibular 
evaluation as it allows the therapist do document the symptomatic severity of the participants and 
allow the therapist to track the symptoms recovery by e xamining the difference in symptom 
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severity between the initial sideline symptom checklist, which is commonly used in the field of 
athletic training and subsequent checklists. 
We also recommend a multidisciplinary approach in which neuropsychologist, physical 
therapist, athletic trainer can bring their expertise and work together to comprehensively mange 
the concussion. Knowing that there are modifiers for concussion management,70 we recommend 
having a profile for the concussion patient in which all the tests for the different domains 
(Symptoms, neurocognitive and balance) at all evaluation points (baseline, immediately post 
concussion, and throughout recovery) are documented in a systematic manner and kept 
accessible to any member of the team. 
Future directions for research should include replication of this study in a well controlled 
prospective design with a control group.  
4.6 CONCLUSION 
Vestibular rehabilitation therapy may reduce dizziness severity and improve gait and balance 
performance after concussion in both children and adults who have persistent symptoms that do 
not resolve with rest. Future directions may include replication of this study in a prospective and 
controlled design. 
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5.0  THIRD AIM 
5.1 INTRODUCTION 
Reports of dizziness and imbalance are prevalent in individuals who have had a concussion. 
Twenty-three to eighty-one percent of persons post concussion report dizziness in the 
first days post concussion. Estimates of the prevalence of persistent dizziness after mTBI varies 
widely from 16-18% at three months,170, 181 1.2% at 6 months182 to 32.5% at five years.183  
Persistent balance problems have also been reported three weeks after concussion.18, 171   
 Vestibular rehabilitation is a key component to the management of dizziness and balance 
disorders resulting from vestibular system dysfunction, either peripherally or centrally.226-231 
Despite the high incidence of dizziness and balance dysfunction in people who have had 
a concussion, reports of vestibular and balance rehabilitation in management of concussion are 
sparse.33-34, 39, 44 Previous studies have shown that vestibular rehabilitation reduces dizziness and 
improves overall balance for individuals with head injury.33-34, 39, 44, 249  
The accepted standard of care for vestibular rehabilitation is to use a p roblem-oriented 
approach in which impairments and functional limitations are identified during the initial 
evaluation, and customized exercises are prescribed to address the individual’s specific 
problems, while accounting for the pathology and other co-morbidities.244 General guidelines for 
exercise prescription and progression are available in Herdman et al, 244 and more specific 
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programs have been documented for prospective clinical trials.244 Outside of these descriptions 
of authoritative practice guidelines, there have been no reports of how vestibular rehabilitation 
therapists actually use these principles in practice. An understanding of what exercises have been 
prescribed for individuals with dizziness and imbalance after concussion may be useful for 
several reasons. Assuming that the physical therapists adhered to the problem-oriented approach 
described above, the study can provide a d etailed picture of the specific impairments and 
functional limitations encountered by the individuals with concussion and the path by which they 
returned to their pre-morbid status. Moreover, by understanding the prescription and progression 
patterns provided by expert clinicians, physical therapists new to prescribing vestibular 
rehabilitation exercises for patients with concussion can use this information to better understand 
how to start and then make the exercises more challenging. Additionally, therapists can use the 
framework of exercise categories, exercise groups and exercise modifiers to better document the 
detailed prescription pattern of vestibular rehabilitation exercises. Consequently, the purpose of 
this study is to describe exercise prescription patterns in patients treated with vestibular 
rehabilitation exercises.  
5.2 METHODS 
5.2.1 Participants 
A retrospective chart review of the 114 participants referred to a tertiary vestibular rehabilitation 
clinic for vestibular rehabilitation after being diagnosed with concussion. Five patients did not 
have an indication for vestibular rehabilitation therapy, four patients were diagnosed with Benign 
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Positional Paroxysmal Vertigo (BPPV) and were successfully treated using the modified Epley 
Canalith Repositioning Maneuver312 without need for home exercises. One patient did not return 
for subsequent visit. A total of 104 participants (66 F/38 M, mean age 24 y, SD 19 y) received a 
computer-generated home exercise program (HEP) of vestibular rehabilitation exercises after 
being diagnosed with concussion. Results of the intervention were previously reported.249 
Participants were referred for a median of 58 (6 – 1,149) days after the concussion 
episode. The duration of the vestibular rehabilitation intervention was a median of 33 (range 7-
181) days, encompassing a median of 4 ( range 2-13) visits. The HEP was designed by e ight 
physical therapists with at least three years experience in vestibular physical therapy. 
  
5.2.2 Procedure 
Each of the computer-generated exercise handouts (Visual Health Information (VHI), WA, 
U.S.A) that was placed in the chart was reviewed by one of the authors (PS) and each exercise 
was classified according to general exercise categories that address common areas of dysfunction 
in individuals with vestibular and balance disorders. VHI software has a pre-determined set of 
exercises that allows therapists to make modifications for the initial exercise prescription. The 
software also allows therapists to create new exercises and to make changes to progress the 
different exercise prescriptions.  
There are five main exercise categories:  1) Eye–Head Coordination 2) Sitting balance 3) 
Standing Static balance (i.e. feet-in-place), 4) Standing Dynamic balance (feet moving, but not 
walking), and 5) Ambulation. Each one of these categories consisted of different exercise types. 
A brief description of the exercise categories and types is included below. 
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1) Eye-Head Coordination exercises: This exercise category contains many exercise types 
that involve movement of head and/or eyes for the purpose of vestibulo–ocular reflex (VOR) 
gain adaptation, symptom habituation, or oculomotor re-education. The exercises include: 
VORx1, VORx2, VOR cancellation, convergence, smooth pursuits, anticipatory gaze shifts, 
imagined target, and saccades.250 
2) Sitting balance exercises: The patient maintains balance while sitting upright, weight 
shifting from side to side, or bouncing. 
3) Standing Static balance exercises: The patient stands with feet in place while upright 
or weight shifting. The patient can be asked to stand on one leg, stand on a rocker board or stand 
with one foot on a step. This category also includes the sit-to-stand exercise. 
4) Standing Dynamic balance exercises: The patient stands and moves without walking. 
The patient might march in place, step forward or backward, step to the side, step up or 
down, or turn around.  
5) Ambulation exercises: The patient walks forward, backward, on stairs, with turns and 
practice braiding (i.e. side stepping in an over and under pattern), skipping, jogging and running. 
For each type of exercise, a u niversal set of 10 modifiers was used to describe other 
characteristics of the exercise (Table 5-1): (1) the posture in which the exercise is performed, (2) 
the type of support surface, (3) the size of the base of support, (4) the positioning of the trunk 
and (5) arms, (6) the direction of head movements, (7) the direction of whole body movements, 
(8) the visual input, (9) the presence or absence of the dual cognitive task and (10) any other 
special circumstances, such as target distance (near or far) when performing VORx1 exercise. 
The frequency and duration of time prescribed per exercise were also recorded. 
Frequency is recorded in terms of the number of times it is performed per day, and the duration 
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of the exercise is given by length of time or number of repetitions. Finally, the intensity of the 
exercise can be described in terms of speed of movement or change in symptom rating. 
Note that the intensity may not have relevance for some categories, for instance Sitting or 
Static Standing balance. 
 
Table  5-1: The exercise modifiers used the vestibular rehabilitation exercises 
Modifier Choices 
(P) Posture 1: Sitting, 2: Standing, 3: Walking, Not Applicable/Not Specified (NA/NS) 
(S) Surface 1: Level, 2: Foam, 3: Uneven, 4: Obstacle, 5: Stairs, 6: Ramps, NA/NS 
(B) Base of support 1: Feet-apart, 2: Feet-together, 3: Semi-tandem, 4: Tandem, NA/NS 
(T) Trunk position 1: Upright, 2: Leaning, 3: Rotated, NA/NS 
(A)Arm position 1: Weight bearing, 2: Close to body, 3: Away from body, 4: Reaching,   5: 
Carrying, 6: Picking up objects, 7: Juggling, NA/NS 
(H)Head movement 
direction 
1: Still, 2: Yaw, 3: Pitch, 4: Roll, NA/NS 
(V)Visual input 1: Eyes closed, 2: Eyes open, 3: Complex patterns, NA/NS 
(D) Direction of whole 
body movements 
1: Anterior-posterior, 2: Medial–lateral, 3: Multi-directional, NA/NS 
(C) Cognitive dual task 1: Yes, 2: No 
Special circumstances e.g. note if the VORx1 exercise was performed with a near or far target 
VORx1: Vestibuo-Ocular Reflex times 1 exercise 
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5.2.3 Analysis 
In order to provide an understanding about the patient’s initial presentation and the progression 
for a sp ecific exercise type, the visit during which each new exercise was prescribed was 
recorded. An exercise qualified as a new exercise if at least one modifier was different than the 
previous prescriptions. Progression was defined as performance of the same exercise type, but 
under more challenging conditions (e.g. progressing VORx1 from standing with feet apart to feet 
together or walking). Frequency counts of the most common exercise categories and most 
common exercise types within each category (constituting 95% of each category) were recorded. 
Exercises provided to the participants as a home exercise program were analyzed, rather 
than the exercises performed during the clinic visit, because the documentation was more 
uniform and presumably reflected the most important activities that each patient needed to work 
on. Throughout the results, and unless specified otherwise, the percentages were relative to the 
overall number of participants who received a HEP (i.e. n=104).  
5.3 RESULTS 
A total of 104 participants had a home exercise program (HEP) prescription. Out of the sum total 
of 411 patient visits, a printed HEP sheet was located for 335 visits (82%). It is not known in the 
remaining 18% of the visits, if the participants were given a new HEP without being placed in 
the chart, or if the therapist wanted the patient to continue with the same HEP. The 76 missing 
home exercise notes were distributed among 40 participants. There were no differences in age, 
gender and time between concussion and vestibular rehabilitation between this group with 
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missing data and the group without missing data; however, the group with missing data had a 
longer treatment duration (48 + 29 days v. 26 + 16 days, p < 0.001). 
Table 5-2 summarizes the frequencies for the most common exercise categories and 
exercise types, prescribed throughout the duration of the intervention as well as for the first visit 
only. Eye-Head Coordination exercises were the most commonly prescribed category, including 
95% of the participants who had received a HEP. The VORx1, VOR cancellation, convergence 
and VORx2 were the four most common exercises in this category, respectively. The Standing 
Static balance category was the second most common category of exercises, prescribed in 88% 
of participants; the most frequent were standing upright on level and foam surfaces, single leg 
stance, weight-shifting exercises in various directions, and sit-to-stand. The Ambulation category 
was the third most commonly prescribed category (76% of participants), with forward 
ambulation followed by ba ckward ambulation, and walking with turns. To accompany these 
commonly prescribed exercises, we have detailed the most common frequency and duration as 
specified by the physical therapists.  
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Table  5-2: Summary of the most common prescribed exercises throughout therapy and during the 
first visit in number of subjects (Percentage of subjects) 
Exercises Throughout 
Therapy 
First Visit 
 
 Frequency 
(times/day) 
      Duration 
Eye- Head Coordination 99 (95%) 89 (86%)   
VORx1 92 (88%) 75 (72%) 3 60 s 
VOR cancellation 67 (64%) 31 (30%) 2 10 reps 
Convergence 30 (29%) 21 (20%) 2 10 reps 
VORx2 9 (9%) 1 (1%) 1 30 s 
Standing Static 92 (88%) 69 (66%)   
Standing Upright 87 (84%) 67 (64%) 2 30 s 
Single leg stance 29 (28%) 7 (7%) 4 30 s 
Weight Shift 15(14%) 2 (2%) 1 10 reps 
Sit To Stand 14 (13%) 11 (11%) 1 10 reps 
Ambulation 79 (76%) 43 (41%)   
Forward Ambulation 
Feet Apart, yaw head turns 
Feet Apart, pitch head turns 
Tandem, head still 
 
76 (73%) 
64 (62%) 
29 (27%) 
33 (32%) 
42 (40%) 
31(30%) 
12(12%) 
9 (9%) 
 
1 
1 
1 
 
20 head turns 
20 head turns 
20 feet 
Backward Ambulation 
Feet Apart, head still 
Feet Apart, yaw head turns 
Tandem, head still 
44 (42%) 
18 (17%) 
14 (13%) 
21 (20%) 
10 (9%) 
8 (8%) 
0 (0%) 
3 (3%) 
 
1 
1 
1 
 
20 feet 
20 head turns 
20 feet 
Ambulation with Turns 19 (18%) 2 (2%) 1 Every 5 steps 
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5.3.1 Preferred Prescription Patterns 
Even though the number of potential exercises is large due to the combination of modifiers that 
could be used, the physical therapists demonstrated preferred prescription patterns that contained 
a small subset of the potential combinations. For example, examination of these patterns revealed 
that the VORx1 exercise was usually prescribed in both the yaw and pitch planes. For each 
patient, it was further customized by c hanging the posture, size of base of support and visual 
input. Therefore, the therapists usually did not alter the following modifiers during the VORx1 
exercise: surface, trunk position, arm position, direction of whole body m ovement or 
involvement of cognitive dual task. The specific patterns for the VORx1 exercise will be 
presented in more detail in the section on progression. 
The VOR cancellation exercise was customized primarily by changing the posture and/or 
the base of support (BOS). As with the VORx1, VOR cancellation was prescribed in both yaw 
and pitch planes. In 38% of the participants who received a H EP, VOR cancellation was 
prescribed in the standing position on a  level surface (most with feet apart). While in the 
standing position, the target was either held in one hand while the arm was moving (e.g. a 
playing card) or tossed between hands (e.g. a ball). This exercise was also performed while 
walking (37% of participants), also with targets that were tossed or held in the hand. VOR 
cancellation was prescribed in the sitting position for 18% of participants, always while having 
the target held in hand. 
For the Standing Static balance exercise category, the standing upright exercise was 
customized and/or progressed by changing the surface, BOS, direction of head movement and 
the visual input modifiers. The most common surface was a level one, which was prescribed in 
74% of the participants receiving a HEP. Participants were instructed to stand with feet together 
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(46%), followed by standing tandem and semi-tandem (34% and 31% respectively). Across these 
three BOS’s, the exercise was most commonly prescribed with head still and eyes closed. When 
the exercise was given with head movement in the yaw direction (n=45), the eyes were open in 
most cases (n=41). When performed on a foam surface (37%), the standing upright exercise was 
most commonly prescribed with feet apart followed by feet together (27% and 8% respectively). 
When performed with feet apart, it was most commonly performed with head still and 
eyes closed. 
The most common modifiers of the Ambulation exercises were the BOS and direction of 
head movement. Forward ambulation was the most common prescribed exercise in 73% of the 
participants. The majority of the participants performed the exercise with feet apart (68%). 
Tandem ambulation was the second most common forward ambulation (34%). Across the 
different BOS’s the exercise was prescribed with yaw head movement most frequently (62%), 
then with pitch head movement and no head movement (28% and 12% respectively). 
 
5.3.2 Progression 
The VORx1 exercise can be used as an example of how exercises were progressed (Table 5-3). 
The initial exercise prescription was given most commonly in standing with feet apart (40 
participants), followed by s tanding with feet together (29 participants) and sitting (21 
participants). For the participants who were prescribed VORx1 in sitting, 11 participants were 
progressed to standing with feet apart, 6 participants to standing with feet together, 2 to walking 
and 4 participants did not progress any further. During the final prescription of VORx1, 31, 30 
and 19 participants were instructed to perform the exercise during walking, standing with feet 
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together and standing with feet apart, respectively. Fewer numbers of participants were given 
their last VORx1 progression in the semi-tandem and tandem position (6 and 2 participants 
respectively). 
 
Table  5-3: Progression patterns for the VORx1 exercise† 
Posture 
 Sitting Standing 
Feet Apart 
Standing Feet 
Together 
Standing 
Tandem/ST 
Walking 
Initial prescription 21 40 29 1 1 
Progression(s)      
Sitting  - 1 - - 
Standing Feet Apart 11  - - - 
Standing Feet Together 6 19  - - 
Standing Tandem/ST - 2 7  2 
Walking 2 10 17 3  
Standing Other - 2 2 - - 
Walking Other - - - - 2 
Final prescription 4 19 30 8 31 
† The total number of participants who received the exercise is 92. The categories are not mutually exclusive, in that some participants may have 
been performing the Vestibulo-Ocular reflex times 1 (VORx1) in more than 1 posture.ST: Semi-Tandem. 
 
5.4 DISCUSSION 
Based on the exercises that were prescribed, we can infer that most of the impairments in these 
individuals with concussion were in three domains; Eye-Head Coordination, Standing Static 
balance, and Ambulation. The exercises that were given to the participants in this study are 
consistent with those prescribed in other research studies involving vestibular rehabilitation.228-
229, 313-314 Moreover, although the previous studies of vestibular rehabilitation in patients with 
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post concussion symptoms did not provide a detailed description about their vestibular 
rehabilitation program, the use of VORx1 and “positional exercises” has been reported.34 
 Impairments in the Eye-Head Coordination have been reported after brain injury, and 
may result from disruption in the vestibulo–ocular reflex (VOR)45 or reflect increased symptoms 
with head and eye movement.315 Vestibular adaptation exercises that improve VOR gain will 
consequently improve gaze stabilization during head movement.244, 313  Eye–Head Coordination 
exercises can also be prescribed for habituation purposes if the patient is found to have symptom 
provocation independently of any reduction in VOR gain. In the current sample of participants, 
95% were found to have impairments in Eye-Head Coordination. Because most of the 
participants did not have formal vestibular function testing, it is not certain how many 
participants had reduced VOR gain. However, most of the participants had symptom provocation 
with eye and head movements.  
Several studies have reported different balance and ambulation impairments in patients 
with post-concussion symptoms. Despite the evidence that impairments in the static balance 
spontaneously resolve within the first 3-5 days after concussion,30-31 88% of the current 
participants were found to have impairments in Standing Static exercises at least 6 days after the 
concussion. In addition, patients may exhibit slower gait velocity,15, 28, 152 shorter stride length,150 
and wider step width.29 In the current sample of participants, Ambulation impairments were 
found in 76% of the participants.  
Ninety percent of participants who had difficulties in the domain of Eye–Head 
Coordination received a HEP to address gaze stabilization during their first visit (Table 5- 2). Of 
the participants who had standing static balance difficulties, 75% received a HEP in the Standing 
Static balance category during the first visit. However, only 54% of the participants who had 
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difficulties during walking were given ambulation exercises during their first visit. These results 
suggest that the Eye-Head Coordination category is the domain that is usually addressed first by 
the expert clinicians during vestibular rehabilitation for patients post concussion. Several factors 
may account for why Ambulation exercises were not emphasized during the first visit. First, it is 
common for persons with vestibular disorders to become symptomatic before the Ambulation 
evaluation is complete.250 Second, the therapist may have identified gait impairments but decided 
to address the Eye–Head Coordination and Standing Static balance problems first to instill 
confidence and make sure the participant performed the exercises safely before addressing the 
more dynamic balance deficits (i.e. during ambulation). Others have suggested using a less 
aggressive pattern of progression for patients with post concussion symptoms during vestibular 
rehabilitation.45 Although the reasons for prescription patterns have not been verified through the 
current data, these above mentioned issues are frequently seen in the management of patients 
with vestibular disorders and warrant a frequent re-evaluation for patient’s status in order to 
determine the current impairments and functional limitations throughout the course of vestibular 
rehabilitation.250 
The analysis revealed important observations about the exercise prescription and 
progression patterns. For Eye-Head Coordination exercises, the most important modifiers were 
the posture and base of support. A typical pattern of progression for the VORx1 exercise would 
be from sitting to standing with feet apart, to standing with feet together, to walking. By varying 
the combinations of posture and the size of base of support, the patient must learn to adjust for 
natural body movements that occur while coordinating the eye and head movements during 
typical daily activities. VOR cancellation is needed to follow moving objects while the head is 
synchronously moving in the same direction. Posture was the most important modifier to be 
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changed during VOR cancellation prescription. The exercise was mainly performed in postures 
that match the scenarios in which the suppression of VOR is needed in real life (i.e. standing and 
walking). For participants who were more symptomatic, the exercise was prescribed while sitting 
and progressed to standing and walking after the symptoms improved (data not shown).  
Participants received the VORx2 exercise as part of the progression less frequently (9%) 
than is typically prescribed for people with unilateral vestibular hypo-function. Several reasons 
may exist to explain this. The participants may not have returned for enough visits to begin this 
exercise, because their symptoms improved and they were discharged. In other cases, the 
participants may still have been highly symptomatic with the VORx1 exercise.  
Because of the retrospective study design, we were not able to record the explicit 
rationale for the therapists’ prescription. All of the therapists who prescribed the exercises were 
trained in the customized problem-oriented approach that is considered to be the standard 
intervention for vestibular rehabilitation.244 Therefore, we can assume that the general rationale 
for the exercise prescription in each case w as developed using the same framework of 1) 
identifying the impairments during the evaluation, 2) prescribing a specific initial exercise to 
address that impairment safely, and 3) progressing the exercise by increasing difficulty so that 
the activity can be done in a functional manner. Although the current design cannot specifically 
address “why” the exercises were given, we believe knowing “what” was prescribed by expert 
therapists is an important step in understanding the management of these individuals. Given the 
extreme shortcomings in the published literature about the vestibular rehabilitation exercises for 
individuals post concussion, we believe that this manuscript is useful for clinicians who are 
starting vestibular rehabilitation exercises because the exercise prescription and progression 
patterns included in this manuscript is more detailed from previous studies that have commented 
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on the vestibular rehabilitation exercises post concussion.33-34, 44 Consequently, if a therapist has 
a basic understanding of the general principles of vestibular rehabilitation, they can now see how 
other therapists initially began the program and then progressed the participants.  For example, 
the results of this study suggest that during the initial visit, a therapist may want to concentrate 
on assessing Eye-Head Coordination exercises and Standing Static balance activities, and when 
indicated, prescribe exercises in these domains. Initially, the VORx1 exercise was prescribed 
most frequently in standing with feet apart. In later visits, the participants progressed to perform 
additional Eye-Head Coordination exercises, in more destabilizing postures, and also perform 
more Ambulation exercises. Future studies should incorporate a prospective design and 
determine both elements of prescription pattern (i.e. the “what” and “why”).   
Additionally, we were not able to report the intensity of the prescribed exercises; this is 
attributed in part to the retrospective nature of our study in which the intensity was not specified 
in the software that was used to generate the home exercise program sheets. In the case of Eye-
Head Coordination exercises, participants were generally instructed to move their head at a speed 
that caused their symptoms to increase slightly. Nonetheless, we believe intensity should be 
more formally quantified in the prescription of vestibular rehabilitation exercises, in cases where 
it applies. For instance, in the case of Eye-Head Coordination exercises, the speed of head 
movements (or eye movements) is not well described, and is difficult to monitor. Perhaps 
wearable sensors could be developed to assist in this area in which the speed of head movement 
is recorded. Another potential way to prescribe the intensity, especially in the case of symptom 
provocation, is by having the participant perform the exercise until they reach a certain level of 
symptom severity on a  visual or verbal analog scale. For standing dynamic exercises, the 
intensity could be prescribed as the number of repetitions per minute, and increased to a higher 
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intensity during the progression. For Ambulation exercises, intensity could be prescribed as the 
gait speed, or speed of head movements performed during gait. 
While the progression of aerobic and resistance exercises is typically based on increasing 
the intensity or volume of the same exercise type, vestibular rehabilitation exercises are often 
based on subtle variations of the exercise types that are not able to be classified using the F.I.T.T 
(frequency, intensity, time and type) principle of the American College of Sports Medicine 
(ACSM). The current system was designed to facilitate the reporting of exercises commonly 
used during vestibular rehabilitation.244, 316 The 5 main exercise categories and exercise types 
within each category were loosely based on general exercise categories that address common 
areas of dysfunction in individuals with vestibular and balance disorders. It is important to note 
that the patients with dizziness and balance disorders also may have been given range of motion 
and strengthening exercises as a part of their home exercise program. However, the prescription 
frequency of these exercise types was much lower than the vestibular rehabilitation exercises. 
One of the limitations encountered in the study was having missing home exercise 
programs. The group with missing data did not differ from the group with complete data in age, 
gender, and time since concussion; therefore, systematic bias is less likely to have had occurred 
in prescriptions that may have been based according to age and gender. The group difference in 
treatment duration may indicate that there was greater opportunity to have data missing, or 
support the notion that the therapist may have asked the more impaired participants (i.e. longer 
treatment duration) to continue the same HEP without documenting that in the chart.  
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5.5 CONCLUSION 
Individuals with dizziness and imbalance post concussion may exhibit impairments in Eye-Head 
Coordination, Standing Static balance and Ambulation. The exercises prescribed by e xpert 
clinicians are comparable to the exercises prescribed for individuals with unilateral vestibular 
hypo-function. Even though the number of potential exercises is nearly limitless due to the 
number of modifiers, the physical therapists demonstrated preferred prescription patterns that 
limited the number of modifiers used. By knowing the preferred prescription and progression 
pattern of exercises employed by e xpert physical therapists, other clinicians initiating a 
vestibular rehabilitation treatment program for individuals post-concussion may have a 
foundation to guide their intervention.   
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6.0  FOURTH AIM 
6.1 INTRODUCTION 
Mild traumatic brain injury, or concussion, can result in a variety of symptoms and physical and 
cognitive impairments. Post- traumatic headache is the most common symptom after 
concussion.171, 174-175 Prevalence of initial headache after concussion has been reported to range 
between 43% to 86% of patients.18, 171, 176 Persistent headache is also reported in a period up to 
three months after concussion.170, 172  
Dizziness is also a frequent symptom after concussion, with 23% to 81% of persons 
reporting dizziness in the first days following concussion.18, 181 Of the 61% who reported 
dizziness in the initial days after concussion in one study, 41% reported mild dizziness, 16% 
reported moderate dizziness, and 4% reported severe dizziness.18 Dizziness at the time of 
concussion was associated with a 6.34 odds ratio (95% CI = 1.34 -29.91, χ² = 5.44, P = .02) of a 
protracted recovery (i.e >21 days) from concussion in a sample of high school football players.191 
Estimates of the prevalence of persistent dizziness after mTBI varies widely from 16-
18% at three months,170, 181 1.2% at 6 months182 to 32.5% at five years.183 Self- reported balance 
problems have been reported by as many as 60% of persons post- concussion.171 Although some 
studies have suggested that self- reported balance problems usually resolve in the first days after 
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concussion,31, 144, 146  patients may exhibit poor balance despite not reporting balance 
problems.184 
In examining the recovery process after concussion, clinicians and researchers assess a 
variety of signs, symptoms, and physiological functions (e.g. sensory, cognitive, and motor).21, 62, 
80, 124, 141 The diversity in measurements used to assess individuals with concussion  ha ve 
enhanced our understanding of the multi-faceted nature of the effects after concussion, and 
improved the sensitivity of the assessment battery available to record functioning in individuals 
with concussion.20 A few studies have concluded that cognitive and motor effects of concussion 
resolve differently after concussion.16, 216 Parker et al. have found a differential rate of recovery 
by comparing the recovery pattern in ImPACT composite scores and different dynamic motor 
tasks.216  
The lack of correlation between recovery of measures of different domains has been a 
subject of debate. 14, 20-21, 48, 104 For instance, while some view the lack of perfect correlation 
between performance measures and self- report symptoms as an indication for the lack of 
sensitivity in performance measures48 or an indication for the inaccuracy of self- report 
symptoms,21 others speculate that they may represent fundamentally different neurobehavioral 
processes, or exhibit different recovery trajectories, and therefore they should not be expected to 
correlate in all cases.14, 20, 104 Lovell et al. has concluded that post-concussion symptoms are a 
result of combinations of neurocognitive  deficits and other  factors (e.g. vestibular dysfunction), 
and therefore, the correlation (or lack thereof) between symptoms and neurocognitive testing is 
expected to be less than perfect.104   
Despite the conceptual debate about the reasons behind the correlation (or lack thereof) 
between measurements from different domains, examining the relationship between 
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measurements may enhance our understanding about the multi-faceted nature of concussion 
effects and recovery. Collins et al. revealed a correlation between the neurocognitive testing 
scores and the severity of headache post concussion.140 Preliminary evidence from a study that 
examined self-report symptoms revealed that “balance problems” were significantly correlated 
with “feeling mentally foggy”, “difficulty remembering”, and “difficulty concentrating”.21 In 
addition, these symptoms were also associated with decreased cognitive performance (i.e. 
ImPACT composite scores). In the same study Broglio et al. examined the relationship between 
self- report “dizziness” and “balance problems” and Sensory Organization Test (SOT). The study 
found a significant correlation between change in  the total score of SOT to balance problems.21 
The purpose of this study is to examine the relationship between self-reported symptoms, 
neurocognitive performance and balance performance in individuals referred to vestibular 
physical therapy after concussion, and to examine the relationship between recovery in gait and 
balance measures and neuropsychological recovery made over the course of vestibular physical 
therapy.  
6.2 METHODS 
6.2.1 Participants 
A retrospective case series was performed of 114 consecutive participants who were referred 
between 2006 and 2008 to a tertiary balance center for vestibular physical therapy after being 
diagnosed with a concussion. The study was approved by the institutional review board (IRB). 
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6.2.2 Outcome measures 
Self-report and performance gait/ balance measures were administered during the first physical 
therapy visit as well as at weekly and monthly intervals. The time points considered for this 
report include the initial evaluation and discharge scores. If a measure was not recorded at the 
time of initial evaluation or discharge, the assessment at the time point closest to the initial 
evaluation or discharge was used. 
6.2.2.1 Self report balance measures 
Participants were asked to rate their current dizziness severity on a verbal scale from 0-100, 
where 0 means no dizziness and 100 means maximum dizziness. Verbal anchors relating to 
severity of dizziness (e.g. slight, mild, moderate, severe) were provided for the scale. 
The Activities-specific Balance Confidence scale (ABC) is a questionnaire used to assess 
the respondent’s level of confidence that they would not lose their balance while performing 16 
functional activities. The highest possible score of 100 suggests maximum confidence and a 
score of 0 suggests no confidence.255 
The Dizziness Handicap Inventory (DHI) is an instrument used to assess the individual’s 
handicap due to their dizziness in 25 items relating to physical, emotional, and functional 
domains. The highest overall score on the test is 100 and higher scores indicate greater handicap 
resulting from dizziness.299 
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6.2.2.2  Balance performance measures 
The Dynamic Gait Index (DGI) is an eight item instrument that assesses the ability to walk with 
head turns, changes of speed, and around obstacles. The scale for each item ranges from 0-3, 
where 0 means severe impairment and 3 means normal. The highest possible score is 24.256 
The Functional Gait Assessment (FGA) is a 10-item test based on the DGI. The 
maximum score is 30. Higher scores indicate better performance.263 
While participants were asked to walk at their comfortable speed, gait speed was timed 
over 4 meters course using stopwatch. 
The Timed “Up& Go” (TUG) is a timed test during which the participant stands from a 
chair, walks three meters at their normal walking speed, and returns to the chair.258 
The Five Times Sit To Stand (FTSTS) requires participants to stand-up and sit down 
from a standard height chair five times as quickly as possible. The participants were asked to 
complete the task with their hands crossed on their chest.259 
Dynamic Computerized Posturography: Participants performed the Sensory Organization 
Test (SOT, Neurocom, Inc.) under six different sensory conditions:1) eyes open, fixed support; 
2)eyes closed, fixed support; 3)sway-referenced vision, fixed support; 4) eyes open, sway-
referenced support; 5) eyes closed, sway-referenced support; 6) sway-referenced vision and 
support surface. Three 20 s t rials were performed for each condition. The highest theoretical 
equilibrium score is 100 which indicates no sway; losses of balance were graded as zero. 
Average scores for each condition were recorded, and the composite score was calculated 
using a weighted average of the individual trials.  
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6.2.2.3  Neurocognitive and symptom measures 
During the time participants were seen for vestibular physical therapy, participants received 
neuropsychological assessments that included repetitive administration of the Immediate Post-
concussion Assessment and Cognitive Testing (ImPACT).24 ImPACT is a co mputer 
administered software program that consists of a neurocognitive testing battery and post-
concussion symptom (PCS) scale.24 The neurocognitive testing of ImPACT measures different 
areas of cognitive functioning including attention, processing speed, reaction time, and memory.  
The ImPACT neurocognitive battery uses six test modules (Word Memory, Design 
Memory, X’s and O’s, Symbol Match, Color Match, and Three Letter Memory) to generate four 
composite scores. Each testing module may contribute to more than one composite score. A 
detailed description of individual tests and composite scores are provided elsewhere.59, 63, 136 The 
four performance composite scores, consisting of verbal memory, visual memory, visual –motor 
processing speed and reaction time were used in this manuscript. Additionally, the total PCS 
score and the individual scores of symptoms were recorded. The PCS includes 22 items and is 
designed to quantify the severity of symptoms in the acute phase of recovery after concussion, 
using a 7 point Likert scale. For any particular symptom, the scale ranges from 0 (no symptom) 
to 6 (severe), and the total PCS score is calculated by adding the scores obtained for the 22 items. 
The PCS has been evaluated for its psychometric properties, clinical interpretation and 
normative scores.18, 138, 141 The time points considered for this report were the ImPACT tests that 
were closest to the start of vestibular physical therapy and the closest point to discharge from 
vestibular physical therapy, both within 30 days of the balance assessment. 
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6.2.3 Statistical analysis 
Descriptive statistics were used to describe the participants’ demographic characteristics, time 
between concussion and ImPACT testing, and time between concussion and the start of 
vestibular physical therapy. In order to examine if the participants had more prevalent 
“vestibular/ balance” symptoms, a paired t-test was used to examine if the patients had higher 
symptom scores in the “vestibular” symptoms (as detailed below) compared to other symptoms 
around the start of vestibular physical therapy. A paired t-test was also used to examine if there 
was a difference in change scores between the vestibular symptoms and other symptoms over the 
course of vestibular physical therapy. 
A vestibular/ balance subset of symptoms that included dizziness, nausea, balance 
problems, headache, sensitivity to light and sensitivity to sound was considered for correlation 
analysis with measures administered at the vestibular physical therapy. 
 Correlation analysis was performed to examine the relationship between the measures of 
dizziness severity rating, ABC, DHI, DGI, FGA, gait speed, TUG, FTSTS and the five 
composite scores of ImPACT at the starting point of vestibular physical therapy. The normality 
of the distribution was examined. The ABC, DHI, FGA, GS, TUG, FTSTS, and conditions 
2,4,5,6, of SOT were normally distributed. For the variables in ImPACT, all variables were 
normally distributed except reaction time. The natural log transformation for the reaction time 
was used throughout the analysis. For the variables that were not normally distributed (dizziness 
rating, SOT composite score and condition 1 &3 of SOT), Spearman- rho correlation analysis 
was performed for the original score. A total of 70 c orrelation analyses were conducted. To 
account for multiple comparisons, the False Discovery Rate (FDR) method described by 
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Benjamini and Hochberg was used.317  False discovery rate is the expected proportion of 
erroneous rejections among all rejections.  
Correlation analysis was also performed to examine the relationship between change in 
vestibular/ balance measures and change in ImPACT measures over the course of vestibular 
physical therapy. For the correlation in the change scores, Spearman- rho correlation coefficient 
was used for all analyses. 
6.3 RESULTS 
6.3.1 Analysis at rehab start 
Ninety-three participants (59 F/34 M) out of 114 had received ImPACT testing around the time 
when they were initially seen for vestibular physical therapy after concussion. Of the participants 
included in this analysis, 65% (n = 60) were children (i.e. <18 y.o). Of the 60 children included 
in this analysis, the concussive injury was sport –related in 29 pa rticipants, while another 29 
participants endured non-sport related concussion. The cause of concussion was unidentified for 
two participants. For the adult participants (n = 33), only eight participants suffered a sport-
related concussion while the majority of the adult participants (n = 25) endured non- sport related 
concussion (e.g. fall, motor vehicle accident, assault). 
The median age for the participants included in the analysis was 16 years (range: 11 -54). 
They were seen at a m edian of 50 days after concussion (range: 4 -2566) days. The 
ImPACT testing was administered within 29 days of the start of their vestibular physical therapy 
(M =2.46 days, SD = 11.2 da ys, Median = 2, r ange 58 ( 29 days before-29 days after). 
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Participants were more symptomatic in the “vestibular” symptoms (M = 2.6) compared to other 
symptoms (M = 2.0, t92 = -6.0, p<.001).  
6.3.1.1  Relationship between clinical balance and neurocogntive measures 
Using the FDR method to adjust for multiplicity of analyses, 33 ou t of 70 c orrelations were 
significant (Table 6-1). 
Greater total PCS scores were significantly related to greater impairment in all of the self-
report measures, worse performance in 3 of the 4 clinical performance measures, and greater 
sway during only one of the SOT conditions (fixed surface with eyes closed). The strongest 
correlation for the PCS was with the self-reported dizziness handicap inventory score (r = 0.49). 
Of the neurocognitive measures of ImPACT, the visual memory score was correlated 
most times with the self-report and performance measures. Lower (i.e. worse) visual memory 
scores were associated with worse impairments in the self-report and balance measures. 
Furthermore, lower visual memory scores were associated with greater sway in 5 of the 6 
SOT conditions. In particular, visual memory performance was most strongly related to postural 
sway on a solid surface with eyes closed.  
Reaction time, verbal memory, and processing speed were related to the self-report and 
clinical performance measures to a slightly lesser degree than visual memory. In all cases, worse 
neurocognitive performance was associated with the expected deficits in self-report measures 
and balance performance.  
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Table  6-1: Relationship between ImPACT composite scores and measures administered at the start 
of vestibular physical therapy 
 Visual memory Reaction time Verbal memory Processing speed Total PCS score 
Self-Report      
Dizziness rating† (n = 
90) rs= -.15, p = .159 rs= .09, p = .425 rs= -.04, p = .684 rs= -.02, p = .889 rs = .24*, p = .021 
ABC (n = 90) r =.37*,  p = <001 r =-.36*,  p = <001 r =.25*, p = .020 r =.27*, p = .010 r = -.39*, p = <001 
DHI (n = 90) r =-.28*, p = .008 r =.27*,p = .011 r =-.22, p = .041 r =-.21, p = .048 r =.49*, p = <001 
Clinical Performance      
FGA (n = 82) r = .43*,  p = <001 r = -.40*,  p = <001 r = .40*,  p = <001 r = .31*, p = .004 r = -.38*,  p = <001 
GS (n = 84) r = .31*, p = .004 r = -.17, p = .114 r = .33*, p = .002 r = .20, p = .066 r = -.32*, p = .003 
TUG (n = 71) r = -.24, p = .045 r = .31*, p =.009 r = -.19, p = .105 r = -.21, p = .081 r = .14, p = .239 
FTSTS (n = 69) r = -.41*,  p = <001 r = .45*,  p = <001 r = -.38*, p = .001 r = -.29*, p = .014 r = .38*, p = .001 
Sensory Organization 
Test (SOT)      
SOT composite† (n = 49) rs = .32, p =.024 rs = -.18, p = .221 rs = .11, p = .437 rs = .20, p =.171 rs = -.26, p = .074 
SOT 1† (n = 48) rs = .23, p = .118 rs = -.11, p = .451 rs = .19, p = .190 rs = .08, p = .585 rs = .004, p = .977 
SOT 2 (n = 48) r = .53*, .000 r = -.46*, p = .001 r = .46*, p= .001 r = .37*, p =.011 r = -.36* p = .012 
SOT 3† ( n = 48) rs = .47*, p = .001 rs = -.40*, p = .005 rs = .30, p = .036 rs = .26, p = .070 rs = -.31, p = .031 
SOT 4 ( n = 48) r = .40*, p =.005 r = -.26, p = .072 r = .30, p = .040 r = .30, p = .039 r = -.18, p = .222 
SOT 5 ( n = 48) r = .37*, p = .010 r = -.24, p = .105 r = .27, p = .065 r = .15, p = .309 r = -.23, p  = .122 
SOT 6 ( n = 48) r = .33*, p = .021 r = -.16, p = .266 r = .16, p = .288 r = .12, p = .405 r = -.22, p = .131 
 n = Number of participants, ABC = Activities-specific Balance Confidence scale, DHI = Dizziness Handicap Inventory, FGA = Functional Gait 
Assessment, TUG = Timed “Up & Go”, FTSTS = Five Times Sit To Stand, SOT = Sensory Organization Test, r = Pearson product-moment 
correlation coefficient , rs Spearman's rank correlation coefficient 
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For the measures where total PCS score was significantly related to self-report and 
clinical performance measures, a secondary analysis was conducted to examine if the vestibular 
subset of symptoms related better to these measures than the total symptom score. The results 
revealed that the total symptom score relates better to the DHI, GS, FTSTS and SOT compared 
to the “vestibular/ balance “subset that included dizziness, nausea, balance problems, headache, 
sensitivity to light and sensitivity to sound. However, the “vestibular/ balance “subset better 
relates to the ABC and dizziness rating compared to the total symptom score (Table 6-2). 
 
Table  6-2: The relationship between outcome measures administered at the start of vestibular 
rehabilitation, total symptom score and “vestibular/ balance” subset of symptoms 
Outcome measure (n) Total symptom Vestibular/ balance 
Dizziness rating 
(90) 
rs = .243, p =.021 rs =.410, p <001 
ABC 
(91) 
r = -.393,  p <001 R = -.453,  p <001 
DHI 
(91) 
r =.494,  p <001 r =.485,  p <001 
FGA 
(82) 
r = -.382,  p <001 R = -.368, p= .001 
GS 
(84) 
r = -.316, p = .003 R = -.294, p = .007 
FTSTS 
(69) 
r =.381, p = .001 r =.327, p = .006 
n = Number of participants, ABC = Activities-specific Balance Confidence scale, DHI = Dizziness Handicap Inventory, FGA = Functional Gait 
Assessment, FTSTS = Five Times Sit To Stand, GS = Gait Speed, r = Pearson product-moment correlation coefficient, rs Spearman's rank 
correlation coefficient 
6.3.2 Analysis of change scores 
Of the 93 participants who had received ImPACT testing around the time of initial assessment of 
vestibular physical therapy, 22 participants did not continue in vestibular therapy after the initial 
evaluation, and therefore, they were excluded from this analysis.  S eventy-one participated in 
vestibular physical therapy program. However, 29 of  the subjects did not have an ImPACT 
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follow up during the time were they were seen for vestibular physical therapy (i.e. no change 
scores for ImPACT). Therefore, 39 participants (29 F/ 10 M) received two ImPACT tests; one 
around the start of vestibular physical therapy and one around the time of discharge from 
vestibular physical therapy, and qualified for the analysis of relationship in change scores.  
There was no significant difference between the group that is included in the analysis (n 
=39) and the group who did not qualify for this analysis (n =54), in time since concussion 
(Mann- Whitney U =809, p =  .144), age (Mann- Whitney U = 937, p =  .787), or treatment 
duration (Mann- Whitney U = 341, p = .096).  However, the group included in the analysis of 
change scores reported higher dizziness severity and exhibited significantly worse performance 
on the DGI, FGA and SOT recorded at the start of vestibular physical therapy, compared with 
the group that were not included in this analysis at the time of initial evaluation in vestibular 
physical therapy (Table 6-3). 
Of the 39 participants included in this analysis, 67% (n =26) were children (i.e. <18 y.o). 
The median age for the participants included in the analysis was 16.1 years (range: 11 - 47). 
They were seen after a median of 46 days after concussion (range: 4 -168). The ImPACT 
testing was administered within 29 days around the start of their vestibular physical therapy (M 
=2 days, SD = 8.1 days, Median = 1, range (10 before - 23 after). The ImPACT testing closest to 
the discharge from vestibular physical therapy was administered within 29 da ys around the 
discharge from vestibular physical therapy (M = 0 ( i.e. ImPACT testing and discharge from 
therapy were on t he same day), SD = 10.9 d ays, Median = same day, range: (26 before - 25 
after). 
 
 107 
Table  6-3: Difference in the initial outcome measures between subjects not included in change 
analysis (n = 54) and subjects included in change analysis (n = 39) 
Outcome 
measure at 
the time of 
initial 
evaluation 
Participants not in change 
analysis 
Participants in change 
analysis 
t-test,p value 
ImPACT composite 
 mean (SD) n mean (SD) N  
Total PCS 
score 45 (32) 54 51 (24) 39 t91 = -1.1, .26 
Verbal 
memory 79 (14) 54 75 (17) 39 t91 = 1.2, .23 
Visual 
memory 66 (16) 54 61 (16) 39 t91 = 1.7, .09 
Processing 
speed 30.5 (10.2) 54 30.0 (11.3) 39 t91 = .23, .82 
Reaction time .70 (.27) 54 .73 (24) 39 t91 = -.6, .51 
Vestibular rehab measures 
 mean (SD) n mean (SD) n  
Dizziness 
rating 14 (18) 53 30 (22) 31 t82 = -3.5, .001* 
ABC 71 (28) 52 62 (25) 32 t82 = 1.4, .16 
DHI 42 (21) 52 49 (18) 38 t83 = -1.8, .08 
DGI 22 (2) 44 20 (4) 23 t27.7 = 2.8, .009* 
FGA 26 (4) 44 23 (6) 23 t31.3 = 2.6, .02* 
GS (m/sec) 1.14 (.26) 46 1.03 (.22) 22 t66 = 1.7, .06 
TUG (sec) 8.3 (1.7) 33 9.4 (2.7) 20 t27.6 = -1.6, .11 
FTSTS (sec) 9.7 (3.5) 37 10.8 (3.8) 18 t54 = -1.1, .28 
SOT 65 (12) 24 45 (23) 13 t15.9 = 3.01, .008* 
n = Nu mber of participants, SD = Standard Deviation, ABC = Activ ities-specific Balance Confidence scale, DHI = Dizz iness Handicap 
Inventory, DGI = Dynamic Gait Index, FGA = Functional Gait Assessment, GS = Gait Speed, TUG = Timed “Up & Go”, FTSTS = Five Times 
Sit To Stand, SOT = Sensory Organization Test, r = Pearson product-moment correlation coefficient, rs Spearman's rank correlation coefficient 
 
The change in self-report and clinical performance measures was calculated over an 
average period of 50 days, (SD = 44 days) and the change in ImPACT was calculated over an 
average period of 49 da ys (SD = 43 days).  A paired t-test revealed that this group of 39 
participants who were included in this analysis exhibited a greater change in the vestibular/ 
balance symptoms subset (M = -1.5, SD = 1.0) compared to other symptoms (M = -0.9, SD =0.9) 
= over the course of vestibular physical therapy (t38 = -6.1, p <.001). 
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The results of analysis of relationship between change in ImPACT composite scores and 
change in self-report and clinical performance measures revealed that no significant relationship 
was found after adjusting for multiple comparisons using the FDR method (Table 6-4).  
 
Table  6-4: Relationship between change in Vestibular/ balance measures and change in imPACT 
composites and the total symptom score 
Change score 
(n) 
Verbal memory 
 
Visual memory 
 
Processing speed 
 
Reaction time 
 
Total symptom 
score 
 
Dizziness rating 
(31) 
rs = -.153, p =  .413 rs = -.052, p = .781 rs =.134, p = .473 rs = -.079,  p =.674 rs = -.074, p = .694 
ABC 
(32) 
rs =.036, p = .847 rs =.107, p = .559 rs =.191, . p =296 rs = -.199,  p =.276 rs = -.333, p = .062 
DHI 
(33) 
rs = -.275, p = .122 rs = -.222,  p = .122 rs = -.366,  p = .036 rs =.166, p =  .356 rs =.345,  p =.049 
FGA 
(23) 
rs =.327, p =  .128 rs =.201,  p = .358 rs =.592, p =  .003 rs = -.335, p = .118 rs = -.070, p = .750 
GS 
(22) 
rs =.282, p =  .204 rs =.222, p =  .321 rs =.377, p = .084 rs = -.232, p = .299 rs =.064, p =  .776 
TUG 
(20) 
rs = -.438, p =  .053 rs = -.008, p =  .972 rs = -.366, p =  .112 rs =.059, p = 803 rs = -.197, p =  .406 
FTSTS 
(18) 
rs = -.265,  p = .287 rs = -.232,  p =.354 rs = -.292, p =.240 rs =.688,  p =.002 rs =.171, p = .499 
n = Number of participants, ABC = Activities-specific Balance Confidence scale, DHI = Dizziness Handicap Inventory, FGA = Functional Gait 
Assessment, GS = Gait Speed, TUG = Timed “Up & Go”, FTSTS = Five Times Sit To Stand. rs =  Spearman's rank correlation coefficient 
 
The analysis of whether a change in the “vestibular” symptoms of PCS relates better to 
the change in the vestibular measures than total symptom score revealed that no differences were 
found between the change in vestibular symptoms when compared to the change in the total 
symptom score. (Table 6-5) 
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Table  6-5: Relationship between change in symptom scores and change in measures administered 
over the course of vestibular rehabilitation 
Change in outcome measure 
(n) 
Change in total symptom 
score 
Change in vestibular 
symptoms 
Dizziness rating 
(31) 
rs = -.074, p= .69 rs =.026,  p= .89 
ABC 
(32) 
rs = -.333,  p=.06 rs = -.348, p= .05 
DHI 
(33) 
rs =.345*,  p= .049 rs =.307, p= .08 
FGA 
(23) 
rs = -.070,  p= .75 rs = -.072, p= .75 
GS 
(22) 
rs =.064, p= .77 rs = -.057, p=.80 
TUG 
(20) 
rs = -.197, p= .41 rs = -.136, p= .57 
FTSTS 
(18) 
rs =.171,  p= .49 rs =.386, p= .11 
n = Number of participants, ABC = Activities-specific Balance Confidence scale, DHI = Dizziness Handicap Inventory, FGA = Functional Gait 
Assessment, GS = Gait Speed, TUG = Timed “Up & Go”, FTSTS = Five Times Sit To Stand, rs =  Spearman's rank correlation coefficient 
 
6.4 DISCUSSION 
A number of significant correlations (33/70) were found between the ImPACT performance 
scores and measures administered at the time of start of vestibular physical therapy. However, no 
significant relationships were found between the change in ImPACT composites and the change 
in gait/ balance measures. Although all performance composite scores in ImPACT exhibited 
some significant correlations with measures administered at the start of vestibular physical 
therapy, it was noted that correlations were centered on visual memory compared to reaction 
time, verbal memory and processing speed evidenced by more number of significant 
relationships found with visual memory. Additionally, although FGA, FTSTS and Condition 2 of 
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SOT were significantly correlated to all ImPACT composite scores, the correlation coefficients 
were higher (i.e. moderate) for visual memory and reaction time compared with correlations 
exhibited for verbal memory and processing speed. Visual memory is a composite score that is 
extracted from the Design Memory test and the X’s and O’s test in ImPACT. The vestibular 
subset of symptoms seems to relate better to the self report measures of dizziness severity rating 
and ABC. However, the vestibular subset of symptoms in this manuscript did not exhibit 
stronger relationship to the clinical balance measures compared to the total symptom score. 
The comparison between the results of this manuscript with the results of previous 
research that studied the correlation between measures after concussion is limited. According to 
our knowledge, there were no p revious research studies that have examined the relationship 
between ImPACT composite scores and the balance outcomes used in this study. A previous 
study suggested a relationship between self- report symptoms related to neurocognition (i.e. 
difficulty remembering, difficulty concentration, and feeling mentally foggy) and neurocogntive 
testing performance.21 Also, a relationship was supported between self- reported symptoms 
related to balance (i.e. dizziness and balance problems) and balance performance. However, the 
evidence is less clear when the comparison is made between neurocognitive testing and balance 
performance. Broglio et al. examined if the symptoms of “feeling mentally foggy”, “difficulty 
concentrating”, and “difficulty remembering” are associated with decreased cognitive 
performance (i.e. ImPACT composite scores). The results revealed a significant correlation 
between “feeling mentally foggy” and reaction time (rs = 0.36), between “difficulty 
concentrating” and verbal memory (rs = -0.41), and between “difficulty remembering” and 
change in verbal memory and reaction time (rs = 0.48 and 0.36, respectively).
21  
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The absence of a relationship between the change scores in measures administered during 
vestibular physical therapy may indicate that the recovery of neurocognitive domains and gait/ 
balance deficits are different. Moreover, over the period when change scores were calculated, 
patients received a customized intervention based on the deficits found at the initial vestibular 
evaluation and they were discharged based on the improvement in vestibular outcomes at the 
time of discharge. Consequently, this specificity of intervention to vestibular impairments may 
have contributed to the lack of relationship between the change in ImPACT composite scores 
and change in vestibular symptoms. The significant difference found between change in 
“vestibular” symptoms (M = -1.5, SD = 1.0) compared to other symptoms (M = -0.9, SD =0.9),  
(t38 = -6.1, p <.001)  may support the notion that  the vestibular/ balance symptoms may have 
changed differently attributed in part to the vestibular physical therapy exercises. Therefore, this 
may have altered the relationship with total symptom score. 
Additionally, the absence of relationships found in this sample may be explained by 
reasons related to the methodology and analysis used in the current manuscript; the analysis of 
change relationships may have been underpowered due to the following factors: 1) Small number 
of participants included in each analysis; although 39 pa rticipants qualified for the change 
analysis, the actual numbers in each analysis ranged between 18 and 33, 2). Since we have also 
used the FDR to control for the multiplicity of analyses, we may have further limited our ability 
to find significant results.  
Although the composite scores of visual memory and reaction time seem to better relate 
to the initial measures of vestibular physical therapy, a different pattern is observed when the 
relationship is closely examined for the change scores. If the relationship in change scores is to 
be examined without adjustment for multiplicity of analysis (i.e. α = 0.05), the visual-motor 
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processing speed is significantly correlated with the change in DHI and FGA (and SOT 
composite scores and Conditions 3, 5 and 6 not shown). This change in the trends of relationship 
may suggest the exercises provided in the vestibular physical therapy may have been beneficial 
to the cognitive domain of visual-motor processing speed.  
The participants in this study were referred to vestibular physical therapy and they 
reported significantly worse symptoms in “vestibular “symptoms compared to other symptoms 
suggesting that the referral for vestibular physical therapy clinic was appropriate. Although this 
group of concussion patients can be labeled as v estibular patients, the deficits reported in 
neurocognitive performance testing (i.e. ImPACT) emphasize the universal effects of concussion 
even within this group of individuals with concussion that have complaints of vestibular 
symptoms beyond the third week after concussion.  
The findings of this study re- emphasize the need for a comprehensive approach of 
concussion management that takes into account the effects of concussion on different areas of 
brain functioning and allow clinicians to make appropriate recommendations on return to play or 
work after concussion.103 
Although this study aimed to examine the relationship between the neurocognitive and 
balance performance and recovery after concussion, the design of the study was limited; 
therefore, the results of this study are only preliminary and intended to guide future research 
directions. The participants included in this study were obtained from a clinical population of 
patients referred by one practice for vestibular physical therapy were the referral process was 
solely based on clinical judgment and is often made if the patients are not recovering concussion.  
The majority of participants [n = 85 (91 %)] were referred after three weeks of 
concussion, and therefore this sample does not represent the wide spectrum of individuals with 
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concussion who will make full recovery by t he third week post- concussion. The relationship 
between neurocognitive functioning and balance functioning may have been different if 
examined in the acute (i.e. < 3  weeks) vs. chronic phase after concussion. Furthermore, the 
participants of this study are clearly experiencing “vestibular” symptoms compared to other 
symptoms, suggesting the referral to vestibular physical therapy was a sound clinical decision. 
However, there might have been individuals with prolonged recovery that are managed in 
other adjacent interventions and were not referred to vestibular physical therapy. Consequently, 
the relationships found in this study could be different if examined in a larger group of 
individuals with prolonged recovery after concussion (with and without vestibular deficit).  
In summary, the participants of this study represent a sm all percentage of individuals 
with concussion who are thought to benefit from vestibular physical therapy after 
balance/dizziness related symptoms that lasted beyond the normal window of recovery. 
Therefore, this sample does not represent the majority of individuals with concussion who 
achieve full recovery before the third week after injury. 
Furthermore, due to the retrospective design of this manuscript, the time points 
considered for the correlation analyses were highly variable between participants and may have 
influenced the findings of this study. Although the time between vestibular measures and 
ImPACT testing was not significantly related to any of the measures; it may have affected the 
strength of correlation coefficients. A prospective design that allows concurrent neurocognitive 
and gait/ balance evaluation may provide a better estimation about the relationship between 
neurocogntive and gait/ balance functioning after concussion.  
The results obtained from the analysis of relationship between change scores have 
additional limitations; the participants included in this analysis tend to be more impaired in the 
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gait/ balance measures at the start of vestibular physical therapy and therefore, they may 
represent even a smaller group of individuals with prolonged balance deficits after concussion 
and does not represent the whole spectrum of individuals with prolonged balance deficits after 
concussion.  
Furthermore, while being treated with vestibular physical therapy, some participants were 
treated with other interventions such as medications, an exertional physical therapy program, or 
had restricted work or school access in order to minimize mental and physical exertion and to 
expedite recovery. It is unclear if the different adjacent interventions may have affected the 
results found in this group. Without a control group, the role of adjacent interventions on t he 
relationship between the recovery of different domains cannot be ruled out. However, the 
adjacent interventions provided for some participants in this study were reported in clinicians’ 
notes, and were not systematically recorded in the medical charts making the examination of its 
role in the recovery process unattainable. A future prospective study design should consider the 
uniformity of interventions for all participants, and should allow examining the effects of 
adjacent interventions on the interrelationships between recovery of neurogognitive and gait/ 
balance outcomes after concussion. 
The participants in this study endured sport-related and non-sport related concussions. 
While the majority of concussion injuries in the adult participants were caused by non-
sport injuries, the sport related concussions represent almost 50% of concussions in children 
participants (i.e. < 18y.o). Due to power related issues, we did not examine if the relationship 
would be different between sport-related and non-sport related injuries and we did not examine if 
the relationship is different between children and adults. 
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Although we acknowledge the limitations in this study, we believe that this study can 
serve as a starting point to direct future research to examine the interrelationships between the 
recovery of different domains.  Despite the limitations of this study, the results demonstrated that 
the relationships between gait/ balance measures appear to be centered on the visual memory and 
reaction time at referral. However, the change obtained in vestibular measures may appear to be 
centered on the visual-motor processing speed, and therefore future research should consider 
these domains when examining the relationship between neurocognitive functioning and gait/ 
functional balance testing for further research. 
 
6.5 CONCLUSION 
The significant relationships between the ImPACT neurocognitive performance scores and 
balance measures at the start of vestibular rehabilitation may reflect that similar levels of 
functioning exist across domains. Future areas of exploration will include assessment of changes 
in neurocognitive and balance function during vestibular rehabilitation to see if recovery of these 
measures have similar trajectories. 
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7.0  FUTURE CONSIDERATIONS AND FUTURE DIRECTIONS 
7.1 FUTURE CONSIDERATIONS 
Based on the limitations we have encountered in the current dissertation, I have the following 
suggestions for future considerations. In the first aim, we aimed to provide normative data and to 
examine the reliability for clinical gait/ balance measures for healthy high school aged children. 
We chose the participants from two private parochial schools in an urban location (one 
female only, and one male only) and the other school was a public co-educational school in a 
suburban school district. However, for future considerations, the schools should represent a 
wider spectrum of socioeconomic status of rural and public schools. A future study should 
include equal representation of students at all ages within our age range. Additionally we did not 
collect race/ ethnicity data. However, race/ ethnicity should be reported to provide an indication 
of how well participants match to the overall high school demographics of the USA. The 
participants in aim one included athletes and non a thletes, a future study can examine if the 
normative reference scores are different between athletes and non athletes. For the reliability 
analysis, we should examine the inter rater reliability of the BESS test as it is  being scored 
clinically vs. videotaping. 
When we examined the outcome of vestibular rehabilitation exercises, the majority of our 
samples were referred for vestibular physical therapy while being managed with other 
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interventions. Unfortunately, there was no systematic reporting of other interventions and 
therefore, the relative contribution of vestibular rehabilitation was not determined. A future 
prospective study can examine the relative contribution of vestibular physical therapy and ensure 
the uniformity of interventions. Furthermore, the majority of our participants were referred for 
therapy beyond three weeks after concussion. A future study may consider if early referral 
affects the outcomes of vestibular rehabilitation vs. later referrals for vestibular therapy. 
When we recorded the exercise prescription patterns, we were not able to determine the 
rationale for the exercise prescription; a future prospective study should examine the therapist 
rationale for the exercise prescription and the rational for exercise progression.  A prospective 
design will also allow for less missing data. 
Another suggestion for aim four is to design a prospective study in which the 
neurocognitive testing and the balance testing are being concurrently examined.  A prospective 
study can also examine if the relationship between neurocognitive and balance recovery is 
different between individuals treated with vestibular physical therapy vs. individuals who are not 
being treated with vestibular physical therapy. 
7.2 FUTURE DIRECTIONS 
In order to provide a higher quality of evidence, I suggest the following design. Individuals with 
concussion who are being seen by a neuropsychologist within the first three days of concussion 
should be examined for both neurocognitive and balance deficits Time 1(t1). The results of this 
testing will place the patients into one of three categories 1) Individuals with no neurocogntive 
deficits and no ba lance deficits, 2) Individuals with neurocogntive deficits but no balance 
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deficits, and 3) Individuals with balance deficits (compared to reference scores) or high balance 
symptom score (based on the “vestibular “subset of symptoms). 
The individuals who did not have neuropsychological or balance impairments will not be 
eligible whereas the individuals in the other two categories could be recruited for the study, after 
the participants were enrolled in the study, the individuals who presented with neurocognitive 
but not a balance deficit can be managed with traditional concussion management for five weeks. 
The individuals who presented with balance deficits and/ or balance symptoms can be 
allocated to one of the two study groups; the experimental group that includes a cu stomized 
physical therapy program that is provided for the individuals two visits every week for 5 weeks 
(based on the median number of treatment duration found in the second aim of the dissertation). 
The control group will be managed by c onventional concussion management approach 
for five weeks. After the fifth week, all participants will be examined for neurocognitive and 
balance testing. 
An independent t- test is conducted to examine if the individuals with balance deficits 
(category 3) also exhibited worse neuropsychological performance compared with individuals 
with no balance deficits (category 2) immediately post concussion. 
After the five weeks, the change scores in neuropsychological and balance measures is 
calculated (t2 – t1), an independent t- test is conducted to examine if the presence of the balance 
deficits is associated with worse neuropsychological recovery by examining if the recovery in 
ImPACT composite scores is different between the individuals with balance deficits (the control 
group of category 3) and the individuals with only neurocogntive deficits (category 2).  
For individuals in category three (balance deficits), an independent t- test can be 
conducted to ensure the participants were not significantly different on a ny of the outcome 
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measures at the time of group allocation. An independent t- test is conducted to examine if the 
change scores are significantly different between the groups treated with vestibular PT when 
compared with the group of conventional concussion management (effect of vestibular PT). 
After the change scores in neurocognitive measures and balance measures is calculated 
for all participants, a co rrelation analysis is conducted.  T he Fisher’s z test is conducted to 
examine if the correlation between neuropsychological and balance recovery is different between 
individuals treated with vestibular rehabilitation vs. individuals treated with conventional 
management. 
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